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ABSTRACT 

We summarize the current status and future prospects for low energy (weak 
scale) super symmetry. In particular, we evaluate the capabilities of various 
e + e~, pp and pp colliders to discover evidence for supersymmetric particles. 
Furthermore, assuming supersymmetry is discovered, we discuss capabilities 
of future facilities to dis-entangle the anticipated spectrum of super-particles, 
and, via precision measurements, to test mass and coupling parameters for 
comparison with various theoretical expectations. We comment upon the 
complementarity of proposed hadron and e + e~ machines for a comprehen- 
sive study of low energy supersymmetry. 
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1 Goal of this study and outline 



The recent demise of the Superconducting Supercollider project in the United 
States has led to the need for a re-evaluation of directions for not only the U.S., 
but indeed for the world High Energy physics community. The goal of this report 
is to evaluate the capabilities of current and future experimental facilities with 
respect to the search for weak scale supersymmetric particles. To this end, we only 
review analyses that attempt to make a more or less detailed study of experimen- 
tal signatures and backgrounds in e + e~ , pp, and pp interactions. Other aspects of 
supersymmetry model building and phenomenology are discussed in the accompa- 
nying review by Drees and Mart in [Q]. It is hoped that the information reviewed in 
this report will serve as an aid to the decision making process of how to most wisely 
allocate limited resources such that progress in supersymmetry phenomenology (in 
particular) and high energy physics (in general) can be maximized. 
This report is organized into the following sections. 

1. Goal and outline 

2. Introduction (theoretical framework and experimental facilities) 

3. Production, decay and simulation of super-particles 

4. Current status of sparticle searches 

5. The reach of LEP II 

6. Search for SUSY at the Tevatron and upgrades 

7. Search for SUSY at CERN LHC 

8. Supersymmetry at future linear e + e~ colliders 

9. Overview and complementarity of facilities 
10. Conclusions 

2 Introduction 

2.1 Theoretical Framework 

Supersymmetry (SUSY)|2| is a novel type of symmetry that relates properties of 
bosons to those of fermions. It is the largest known symmetry^ of the S'-matrix. 
Locally supersymmetric theories necessarily incorporate gravity SUSY is also an 
essential ingredient of superstring theories || which, today, offer the best hope for a 
consistent quantum theory of gravitation. Although no compelling supersymmetric 
model has yet emerged, and despite the fact that there is no direct experimental 
evidence for SUSY, the remarkable theoretical properties of SUSY theories have 
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provided ample motivation for their study. Of importance to us is the fact that 
SUSY leads to an amelioration of divergences in quantum field theory. This, in 
turn, protects the electroweak scale from large quantum corrections, and stabilizes 
the ratio j^-, when the Standard Model (SM) is embedded into a larger theory, 
involving an ultra-high energy scale M x (e.g. M GUT or M P i anck ). In other words, 
SUSY models do not require the incredible fine-tuning endemic to the Higgs 
sector of the SM, provided only that the super-partners exist at or below the TeV 
energy scale. On the experimental side, while the measurements of the three SM 
gauge couplings at LEP]7| are incompatible with unification in the minimal SU(5) 
model, they unify|| remarkably well in the simplest supersymmetric SU(5) GUT, 
with SUSY broken at the desired scale ~ 1 TeV. The last two arguments are 
especially important in that they bound the SUSY breaking scale and strongly 
suggest that supersymmetric partners of ordinary particles should be accessible at 
colliders designed to probe the TeV energy scale 0. 

To evaluate the experimental consequences of low energy supersymmetry, one 
must set up a Lagrangian including the various particles and partner sparticles, 
and their interactions. Such a theory should reduce to the well-tested SM when the 
supersymmetric degrees of freedom are integrated over. The simplest possibility JT|], 
the Minimal Supersymmetric Standard Model (MSSM), is a direct supersym- 
metrization of the SM[[J. It is a Yang-Mills type gauge theory based on the SM 
gauge group, with electroweak symmetry spontaneously broken via vacuum expec- 
tation values (VEVs) of two different Higgs superfields that respectively couple to 
T 3 = | and T3 = — | fermions. The (renormalizable) superpotential that deter- 
mines the Yukawa interactions of quarks and leptons is required to conserve baryon 
and lepton numbers; it is then possible to define a multiplicatively conserved im- 
parity quantum number which is +1 for ordinary particles and -1 for supersymmet- 
ric partners. The MSSM is thus minimal in that it contains the smallest number of 
new particles and new interactions to be compatible with phenomenology. An im- 
portant consequence of i?-parity conservation is that the lightest supersymmetric 
particle (LSP) is stable. The LSP, which would have been abundantly produced 
in the early universe, is unlikely [|l(]] to be colored or electrically charged since it 
would then be able to bind to nuclei or atoms to make heavy isotopes, for which 
searches have yielded negative results. The LSP, which is the end product of 
every sparticle decay, thus escapes experimental detection, resulting in apparent 
non-conservation of energy /momentum in SUSY events. 

Supersymmetry must, of course, be a broken symmetry. In the absence of fun- 
damental understanding of the origin of supersymmetry breaking, supersymmetry 
breaking is parametrized by incorporating all soft supersymmetry breaking terms 
(defined to be those that do not destabilize the ratio introduced above) con- 
sistent with the SM symmetries. These terms have been classified by Girardello 
and Grisaru|TI|. For the MSSM, they consist of 



gaugino masses (M 1; M 2 and M 3 for each of the U(l), SU(2) and SU(3) 
gauge groups), 

mass terms for various left- and right- spin-0 (squark, slepton, Higgs) fields, 



2 



• trilinear (A-tevm) interactions amongst the scalars, and 

• analogous bilinear (5-term) interactions. 

In addition to these soft-breaking terms, the ratio tan f3 of the two Higgs field VEVs 
and a supersymmetric Higgsino mixing parameter \x must be specified. Aside from 
the particles of the Standard Model, the physical spectrum of the MSSM consists 
of the following additional states. 

• squarks (spin-0): d L ,u L ,s L , c L J) U t u d R ,u R ,s R , c R ,b 2 ,t 2 ; 

• sleptons (spin-0): e L ,i> eL , fi^nL, n,i) TL , e R ,fl R ,f 2 ; 

• charginos (spin-|): xt, xf', 

• neutralinos (spin-|): Xi, %%, X3, xl 

• gluino (spin-|): g; 

• Higgs bosons: (spin-0): h, H, A, H ± . 

Here, and fj (i — 1,2) are mixtures of the corresponding left- and right- 
chiral scalar fields, charginos are mixtures of charged higgsino and wino, and neu- 
tralinos are mixtures of two neutral higgsinos, bino and the neutral wino. In our 
analysis, we neglect any inter-generational sfermion mixing. The intra-generational 
mixing (being proportional to the corresponding fermion mass) is negligible for the 
first two generations of sfermions. 

An independent value for each one of the above masses and couplings leads to 
a proliferation of new parameters, making phenomenological analyses intractable. 
It is customary to assume that higher symmetries, which are broken at some ultra- 
high scale, relate these parameters. An especially appealing and economic class 
of models is based on minimal supergravity (SUGRA) GUTs, where it is assumed 
the three gauge couplings unify at some ultra-high energy scale Mx- It is also 
assumed that SUSY breaking in the effective theory defined at M x arises due to 
gravitational interactions which, being universal, allow || [l[ only a few independent 
soft SUSY breaking parameters, renormalized at Mx'- these are 

• a common gaugino mass (mi/ 2 ), 

• a common scalar mass (mo), 

• a common trilinear interaction (Ao), and 

• the bilinear coupling (B ). 



The various MSSM masses and couplings have to be evolved|T3[] from the com- 
mon value at Mx to the electroweak scale to sum the large logarithms arising from 
the disparity between the two scales. This generally involves solving 26 coupled 
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differential equations, with the values of the four GUT-scale parameters as bound- 
ary conditions. A bonus of this framework is that the same radiative corrections 
that give rise to these large logs also yield a mechanism for the breakdown of elec- 
troweak gauge symmetry, leaving colour and electromagnetic gauge symmetries 
unbroken [13, 14]. The electroweak symmetry breaking constraint allows one to 



eliminate Bq in favour of tan/?, and also to adjust the magnitude (but not the 
sign) of the fi parameter to get the measured Z boson mass. Thus, the Renor- 
malization Group (RG) evolution of these four parameters, renormalized at the 
GUT scale where the physics is simple, results in a rich pattern of sparticle masses 
and couplings at the weak scale relevant for phenomenology. The various SUSY 
parameters, masses and mixings are then determined in terms of the four plus a 
sign parameter set 



m o, mi/2, tan/3, A and sign(ii). 



(1) 



In addition, as with the SM, the top mass m t must be specified. The simplest 
supergravity model (with minimal kinetic energy terms fll5|) leads to (approxi- 
mate) degeneracy of the first two generations of squarks, and so, is automati- 



cally consistent with constraints [16[ from flavour changing neutral currents in the 

The masses of third generation squarks can be significantly 
this can lead to interesting phenomenology fill, E0| as discussed below. 



K- meson sector HT7 
different ITTS 



When these supergravity constraints are incorporated, one finds (approximately) 
m~ ~ m| + (0.7 — 0.8)m~; thus sleptons may be significantly lighter than the 
first two generations of squarks. Furthermore, the value of is generally large 
compared to the electroweak gaugino masses, so that the lighter neutralinos (x? 2) 
and the lighter chargino (xt) are gaugino-like, while the heavy chargino and the 
heavier neutralinos are dominantly Higgsinos. If rriq ~ m g so that sleptons are 
significantly lighter than squarks, the leptonic decays of x%, an d sometimes also of 
Xi can be significantly enhanced relative to those of Z and W bosons, respectively; 
this has important implications |21] for detection of sparticles at hadron colliders. 
Within the SUGRA framework, the lightest SUSY particle is a viable candidate 
for dark matter p2|, provided that the sfermions are not too heavy (the LSP, being 
mostly a hypercharge gaugino, mainly annihilates via sfermion exchange, so that 
the annihilation rate is proportional to -\). 

While minimal supergravity models indeed provide an economic and elegant 
framework, it should be recognized that the assumptions (about the physics at an 
ultra-high energy scale) on which they are based may ultimately prove to be incor- 
rect. The point, however, is that these models lead to rather definite correlations 
between various sparticle masses E| as well as between the cross-sections E§, 123], EBJ 



for numerous signals. We will see that these predictions, which serve as tests of 
the underlying assumptions, can be directly tested at future accelerator facilities. 
Thus the discovery of sparticles and a determination of their properties p4"f may 
provide a window to the nature of physics at an ultra-high energy scale. 

It is also worth considering various extensions of the minimal framework that 
we have been describing. On the one hand, in some string-inspired modelspTI], the 
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four SUGRA input parameters are not all independent so that these models are 
even more tightly constrained. On the other hand, there has been some recent 



interest in non-universal SUSY-breaking terms pBf, so that the correlations would 
be modified from their expectations within the minimal framework. In addition, 
there is no reason why the grand unification scale should exactly coincide with the 
scale at which the boundary conditions for the RGEs are specified. Furthermore, 
some models prefer unification at the string scale (~ 0.5 x 10 18 GeV), so that the 
apparent unification at ~ 10 16 GeV is only coincidence^]. It may also be that the 
particle content of the low energy theory goes beyond that of the MSSM|3(J (e.g. 
there might be additional Higgs singlets or gauge bosons), or i?-parity might not 
be conserved by superpotential interactions In this latter case, there would be 



additional unknown parameters and the phenomenology might differ substantially 
from what is expected in minimal supergravity. However, in the absence of large 
R- violating interactions, many of the gross features of minimal supergravity seem 
likely to be manifest if low energy supersymmetry exists. But practically speaking, 
minimal supergravity is a simple and phenomenologically viable framework that 
offers distinctly testable consequences from a small parameter set. It serves as 
the paradigm for most phenomenological investigations, although one must bear 
in mind the consequences of possible modifications to this scheme. 



In the early literature |32|], it is common to see analyses based upon a more 
general supersymmetry parameter set, but frequently with various SUGRA GUT 
inspired assumptions built in. For instance, assuming all gaugino masses evolve as 
in a SUSY GUT allows the correlation of the various gaugino masses, which are 
frequently parametrized in terms of m g (rrig ~ \M%\, modulo the distinction p3 



between the DR and pole mass[]), or M2. In addition, the various squarks or 
sleptons are assumed approximately degenerate, as predicted by minimal SUGRA 
with its common GUT scale mo mass. A common but more general parameter set 
(which we will loosely refer to as the MSSM parameter set to distinguish it from 
the SUGRA set (2.1)) is frequently specified by 

rrig, rriq, mi, A t , A b , /1, m A , tan/3, (2) 

where the supersymmetric Higgsino mass 11 and the pseudoscalar Higgs boson mass 
determine (at tree level) all the other parameters of the Higgs sector, and the weak 
scale soft SUSY-breaking trilinear couplings A t and Ab mainly only influence the 
phenomenology of third generation sfermions. As in the SM, m t must be input as 
well. We caution the reader that the SUGRA model specified by the parameter set 
(2.1) is referred to as the MSSM by some authors^. Here, we will reserve the term 
MSSM for the broader framework specified by the set (2.2) above, and refer to the 
more constrained framework as minimal SUGRA. The parameter set (2.2) yields 
much of what is expected in minimal SUGRA, but (with some modification) can 
also accommodate other models with non-universal soft-breaking terms, which can 
yield substantially different Higgs masses (itla) and fi values (leading to Higgsino- 



like LSP's) than the usual SUGRA prediction (for an example, see Ref. p8|) 



1 See discussions on Fig. nl 
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2.2 Experimental facilities 



The formalism of supersymmetry was developed in the 1970's, and viable phe- 
nomenological (low energy) models (e.g. the MSSM) were formulated in the early 
1980's. A reasonable picture of how supersymmetry might manifest itself has 
emerged, and now the urgent need is to either discover supersymmetry, or ex- 
perimentally rule out the existence of weak scale sparticles. It is possible that the 
first evidence for supersymmetry could arise in a number of experiments: e.g. dark 
matter detectors, study of rare B or K decays, proton decay However, it is usually 
expected that unambiguous evidence for supersymmetry must be obtained at col- 
liding beam experiments, where super-particles can be directly produced, and their 
decay products detected and analyzed. Hence, in this report, we focus on future 
colliding beam facilities, and their ability to cover regions of the supersymmetric 
parameter space. For e + e~ colliders, we consider, along with current constraints 
from LEP and SLC, future searches at LEP II and at hypothetical linear collid- 
ers |34| operating at yfs = 500 — 1000 GeV. For pp colliders, we consider current 



constraints from the Tevatron collider (y/s = 1.8 TeV), and its possible high lumi- 
nosity (TeV*) and high energy (DiTevatron (y/s = 4 TeV)) upgrades p||. Finally, 
we also examine the capability of the CERN LHC pp collider, at y/s = 14 TeV, 
approved at CERN Council Meeting in December 1994. 



3 Production, decay and simulation of sparticles 

If .R-parity is conserved, then sparticles ought to be pair-produced at colliders with 
sufficiently high energy, and furthermore, sparticles ought always to decay into 
other sparticles, until the decay cascade terminates in the stable LSP. Within the 
minimal framework, the only viable candidates are the sneutrino and the lightest 
neutralino Xv If we further assume that the LSP is the dominant component of 



galactic dark matter, the sneutrino is heavily disfavoured [p6| when the negative 
results of experiments searching for double beta decay are combined with LEP 
constraints discussed below. In what follows, we will assume that Xi is the LSP. 

3.1 Hadron colliders 

At hadron colliders, sparticles can be produced via the following lowest order re- 
actions (particles/anti-particles not distinguished): 

• qq, 99, qg -»• 99, M, <?<?, (strong production) 

• qq, qg -> 9Xi, fjxt, qXi, qxt (associated production) 

• qq -» xtxj, xtx°j, XiX°j (X Pair production) 

• qq — > £z>, ££, vv (slepton pair production) 

In addition, the Higgs bosons of the MSSM can be produced via direct s-channel 
subprocess, 
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QQ, 99 



h, H, A H ± H T , 



in addition to production in association with other heavy quarks and vector bosons, 
and in some cases, production via vector boson fusion. 

Once produced, sparticles rapidly decay to other sparticles through a cascade 
ending in the LSP[^]. The decay modes and branching fractions of sparticles 
are too numerous to be listed here. However, a number of groups have generated 
computer programs to calculate some or all of the sparticle decays. Perhaps the 
most complete listing is available as a public access program called ISASUSY, and 
can be extracted from the ISAJET program|38| described below. Given a point 
in MSSM parameter space, ISASUSY lists all sparticle and Higgs masses, decay 
modes, decay widths and branching fractions. 

The crucial link between the theoretical framework of supersymmetry (dis- 
cussed above), and the detection of long lived particles such as 7r's, fTs, 7's, e's, 
/i's, etc. at colliding beam experiments, lies with event generator programs. Many 
groups have combined sparticle production and decay programs, to create parton 
level Monte Carlo programs. Some have added in as well parton showers and 
hadronization. ISAJET 7. 13 is currently the most comprehensive of the supersym- 
metry event generators available for hadron colliders. 

To simulate sparticle production and decay at a hadron collider, the following 
steps are taken using ISAJET: 

• input the parameter set (m , ^1/2, A Q , tan /3, sign(fi)), (or the less constrained 
MSSM set (2.2)), 

• all sparticle and Higgs masses and couplings are computed, 

• all sparticle, top and Higgs decay modes and branching fractions are calcu- 
lated, 

• all lowest order 2^2 sparticle production processes are calculated (if de- 
sired, subsets of the reactions can be selected), 



the hard scattering is convoluted with CTEQ2L PDF's|39| 



• initial and final state QCD radiation is calculated with the parton shower 
model, 

• particles and sparticles decay through their various cascades, 

• quarks and gluons are hadronized, and heavy hadrons are decayed, 

• the underlying soft scattering of beam remnants is modelled, 

• the resulting event and event history is generated for interface with detector 
simulations, or for direct analysis. 

There are a variety of shortcomings to (the current) ISAJET supersymmetry 
simulation. Some of these include: 
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• direct Higgs production mechanisms for hadron colliders are currently absent, 

• large tan f3 solution, (currently, ISAJET is only valid for tan (3 ~ 10, primarily 
because the mixing between 6-squarks and third generation sleptons, due to 
the corresponding Yukawa interactions has not yet been incorporated — this 
can be very important if e.g. the resulting mass splitting opens up new 
gluino, chargino or neutralino decay channels). 

• first two generations of squarks are assumed mass degenerate, 

• lack of spin correlation between initial and final state sparticles, 

• although decay branching fractions are calculated with full matrix elements, 
decays in event generation are modelled using only phase space. 

Some of these deficiencies should be corrected in the near future. 

Separate programs can be extracted from ISAJET 7.13 which generate just 
the SUGRA mass solution plus decay table (ISASUGRA), and also the sparticle 
decay table with MSSM input (ISASUSY). ISAJET is maintained in PATCHY 
format. The complete card image PAM file for ISAJET 7.13 can be copied across 
HEPNET, the high energy physics DECNET, from 

bnlcl6: :$2$dual4: [isajet . isalibrary] isajet . car. A Unix makefile 
makefile .unix and a VMS isamake . com are available in the same directory. The 
same files can be obtained by anonymous ftp from bnluxl .bnl .gov:pub/isajet. 

3.2 e + e colliders 

At e + e~ colliders, the following production mechanisms can be important: 

• e + e~ — > qq (squark pair production) 

• e + e~ — > ti (slepton pair production) 

• e + e- xfxj, XiX°j (x Pair production) 

• e+e~ -^hZ, HZ, hA, HA, H + H (Higgs production), 

in addition to vector boson annihilation to Higgs particles. After production, the 
sparticles and Higgs bosons decay through the usual cascades. 

ISAJET 7.13 includes all lowest order e + e~ — > SUSY and Higgs particle pro- 
duction processes j|0|], so that cascade decays and minimal SUGRA can be simu- 



lated for electron machines as well. However, ISAJET does not include initial state 
photon radiation, spin correlations, decay matrix elements or polarizable beams. 
All these effects are expected to be more important in the environment of e + e~ 
colliders. 

An event generator for e + e~ — > SUSY particles, containing the above first three 
sets of reactions, has been released by Katsanevas, under the name SUSYGENpl|j. 
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SUSYGEN also includes cascade decays as calculated by Bartl et. al.p^]. SUSY- 
GEN includes initial state photon radiation, and is interfaced to the LUND JET- 
SET string hadronization program. Like ISAJET, SUSYGEN currently lacks spin 
correlations, final state decay matrix elements, and beam polarizability. 

Various groups have created generators that correct some or all of the deficien- 
cies in the SUSYGEN or ISAJET e + e~ generators, but these are limited to specific 
production and decay configurations f43|. The problem then becomes that it is dif- 
ficult to simulate all reactions and decays simultaneously, so a separate program is 
needed for each possible configuration. However, it is desirable to incorporate the 
angular correlation in the decay for the studies at an e + e~ collider since it affects 
the detection efficiencies and background contaminations which are important es- 
pecially for precision studies. The helicity amplitude technique is better suited for 
this purpose. A set of FORTRAN subroutines HELAS [53] can be used to calcu- 
late helicity amplitudes numerically, where each of the subroutine calls correspond 
to each of the vertices in the Feynman diagrams. A repeated use of HELAS calls 
computes helicity amplitudes rather easily. It can be obtained via anonymous ftp 
at tuhep . phys . tohoku . ac . jp. 



4 Current status of supersymmetry searches 

The most direct limits on sparticle masses come from the non-observation of any 
SUSY signals at high energy colliders, and from the precision measurements of the 
properties of Z bosons in experiments at LEP (for a compilation of constraints, 
see fl4~5"f ). The agreement of the measured value of Y z with its expectation in the 



SM gives model-independent constraints on decays of the Z-boson into any new 



particles with known SU{2) x U(l) quantum numbers fl36|, fiq| . This translates to a 
lower limit ~ 30 — 45 GeV on the masses of the sneutrinos, squarks and charginos 
of the MSSM, independent of the decay patterns of these sparticles. Likewise, 
the measurement of the invisible width of the Z-boson which leads to the well- 
known bound on the number of light neutrino species, leads the lower bound of 
mc > 43 GeV, even when the sneutrinos decay invisibly via v — > z/x°[36, 46 



These bounds are relatively insensitive to the details of the model. In contrast, 
even within the MSSM framework, the corresponding bounds on neutralino masses 
are sensitive to model parameters. This is because in the limit \x Mi,M2, the 
lighter neutralinos are dominantly gaugino-like, so that their couplings to the Z- 
boson are strongly suppressed by electroweak gauge invariancepB], The LEP 
experiments [47] have also directly searched for charginos, sleptons and squarks in 



Z decays. These searches assume that the charginos and sfermions decay directly 
to the LSP which is assumed to be the lightest neutralino. The typical signature 
of SUSY events is a pair of acollinear leptons, acollinear jets or a lepton-jet pair 
recoiling against tf T (missing transverse energy). The non-observation of such 
spectacular event topologies have led to lower bounds very close to on the 



masses of these sparticles. Finally, LEP experiments have also searched [[4g] for 
neutralino production via Z — > X1X2 an d Z —> X2X2 decays, assuming that X2 ~^ 
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\L (GeV) 

Figure 1: Regions in the \x vs. nig plane excluded by various constraints from LEP exper- 
iments described in the text, for tan/3 = 1, 2, 5 and 30. We also show the approximate 
reach of LEP II via the dot-dashed curves (m~± = 90 GeV) , and the region excluded by 
CDF and DO gluino and squark searches at the Tevatron. 



Xiff if = Q or The non-observation of acollinear jet or lepton pairs from this 
process excludes certain regions of the parameter space, but does not (for reasons 
already explained) lead to an unambiguous lower bound on m~o . The region of the 
/i — nig plane excluded by LEP searches for charginos and neutralinos is illustrated 
in Fig. |l| for various values of tan (3. Also shown in this figure are corresponding 
contours of m~± = 90 GeV, which roughly denote the reach of LEP II, discussed 
in the next Section. 

Although LEP experiments have yielded a limit of nig ~ ^l 2 -, the search for the 
strongly interacting squarks and gluinos is best carried out at high energy hadron 
colliders such as the Tevatron via qq, gq and gg production as discussed in Sec. 
3. The final state from the subsequent cascade decays [|37|] of squarks and gluinos 
consists of several jets plus (possibly) isolated leptons (from xt an d X2 production 
via their primary decays) and I$ T from the two LSPs in each final state. For 
an integrated luminosity of ~ 20 pb~ l that has been accumulated by the CDF 
and DO experiments at Tevatron run IA, the classic I$ T channel offers the best 
hope for detecting SUSY. The non-observation of an excess of I$ T events above 
SM background expectation has enabled the DO collaboration[^] to infer a lower 
limit of ~ 150 GeV on their masses, improving on the published CDF limit [|5(J of 
~ 100 GeV. The region of the m g — nig plane excluded by these anlyses depends 
weakly on other SUSY parameters, and is shown in Fig. ^| for fi = —250 GeV and 
tan/3 = 2. We see that the lower bound on the mass improves to about 205 GeV if 
nig = ni g . As the experiments at the Tevatron continue to accumulate more data, 
they will also become sensitive to leptonic signals from cascade decays of squarks 
and gluinos. Although the single lepton signals are overwhelmed by the background 
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Figure 2: Regions in the m~ g vs.rriq plane excluded by searches for If T + jets events 
at various colliders, for tan/3 = 2 and fi = —250 GeV. The curves labeled DO 
exclude the regions below the curves at 90 and 95 % confidence levels, respectively. 



The figure is taken from Ref. |49 | 



from (W — > iv) + jet events, we will see in Sec. 6 that the multilepton signals offer 



new ways of searching for supersymmetry at various Tevatron upgrades |5T], |52 . 

Before closing this Section, we briefly remark upon some constraints from "low 
energy" experiments and from cosmology. Some judgement must be exercised in 
evaluating these constraints which, unlike the direct constraints from collider ex- 
periments, can frequently be evaded by relatively minor modifications of the model 
framework. For instance, an overabundance of LSPs produced in the early universe 
leads to significant restrictions on SUGRA parameters |[22||. This bound can, how- 
ever, be simply evaded by allowing a small amount of i?-parity violation that causes 
the LSP to decay, although at a rate that has no other impact on particle physics 
phenomenology. Likewise, constraints from proton decay|53| are sensitive to as- 
sumptions about physics at the GUT scale. Supersymmetry also allows for new 



sources of CP violation [[54]] in the form of new phases in gaugino masses or SUSY 



breaking trilinear scalar interactions. Indeed, for sparticle masses ~ 100 GeV, 
these phases (which are usually set to zero in the MSSM) are limitedp>l, I5H] to be 



~ 10 -3 in order that the induced electric dipole moment of the neutron or elec- 
tron not exceed its experimental upper limit. If, however, these phases are zero 
at some ultra-high unification scale, it has been checked that their values at the 
weak scale induced via renormalization group evolution do not lead to phenomeno- 
logical problems. This only pushes the problem to the unification scale where the 
physics is as yet speculative^]. There are also constraints from the universality 
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of the charged-current and neutral-current weak interactions. The Cabbibo uni- 
versality between the /z-decay and /3-decays put constraints only on rather light 
sparticles ^ 20 GeV [|57|| . Z-decay partial widths into different species of light 
fermion are more sensitive than the low-energy experiments. However most of the 
decoupling effects do not put constraints better than that from the direct search 
[p5| . Non-decoupling effects in p-parameter [^9| or T(Z — > bb) |60[ are relatively 
sensitive to the virtual exchange of sparticles. Indeed, it has been claimed that the 
experimental value of Rb = Y[Z — > bb)/T(Z — > hadrons) prefers a light top squark 
Even so, it is hard to obtain a large enough effect to explain 
62j. These measurements do not currently lead to any significant 



and chargino 
the "anomaly 
restrictions on sparticle masses. 

Finally, we turn to the flavour violating inclusive decay b — > S7 recently mea- 
sured by the CLEO collaboration) 6"3 1. Even within the minimal SUSY framework, 
there are several additional contributions to this amplitude. Of course, the agree- 
ment of the SM computations with the experimental data lead to an interesting 
limit (within theoretical and experimental errors) on the sum of various new physics 
contributions. Since it is possible |M| for these new contributions to (partially) can- 
cel over a significant range of model parameters, these measurements do not lead 
to unambiguous bounds on the masses of various sparticles. Like the neutralino 
search at LEP, they do, however, exclude significant regions of parameter space. 
It should, however, be mentioned that complete calculations of QCD corrections 
(which are known to be significant within the SM|^J) to these amplitudes [66] are 
not yet available, so that there is still considerable uncertainty |67|] in the theoretical 
estimates of the b — > 57 decay rate. 

To summarize: a wide variety of empirical constraints have served to restrict 
the parameter ranges of supersymmetric models. It is, however, interesting that 
even the simplest, highly constrained supergravity GUT model, is consistent with 
all experimental data including those from cosmology. 



5 Search for SUSY at LEP II 

For LEP-II, the second phase of the LEP program, the center-of-mass energy will 
be raised to about 175 GeV in 1996 and could reach about 200 GeV at a later stage. 
The reach of LEP II experiments on the search for sparticles has been discussed 
extensively in the literature. The basic result is that all sparticles close to the 
kinematic limit can be discovered except special cases of small visible energies or 
very low cross sections. The measurements of various SUSY parameters have also 
been discussed, and are shown to be possible for particular combinations of the 
parameters by studying the first chargino alone. These are the topics which will 
be described in this section. 
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5.1 Characteristics of LEP-II experiments 

First of all, e + e~ experiments gradually raise the center of mass energy^ so that 
one does not expect the production of many different sparticles at the same time. 
We expect the discovery of the lightest visible sparticle (LVSP) first, which does 
not decay in a (long) cascade as for squarks or gluinos at hadron colliders. This 
fact makes the search for LVSP at an e + e~ collider very simple. We look for the 
production of just one new particle which leaves clear signatures. 

In the MSSM framework, there are three candidates for LVSP: (1) slepton 
(mostly right-handed 6r, (Ir, Tr), (2) chargino xf, or (3) stop t (or sbottom in 
some cases). When we relax the theoretical assumptions built in to the MSSM, one 
may also expect other sparticles to be LVSP. We will discuss each case separately 
below. 

The following point is worth emphasizing. A search for a sparticle below my/ 
is relatively easy because one can set the center-of-mass energy below the W- 
pair threshold, so that most of the signatures are nearly background- free. This 
is a continuation of searches done at lower energy colliders PEP, PETRA and 
TRISTAN. Cuts on missing and on the acoplanarity angle removes almost all 
the QED backgrounds. Above the VT-pair threshold, VT-pair production becomes 
the most severe background. Most of the time, we assume yfs = 190 GeV, and an 
integrated luminosity of 100 to 500 pb _1 . 



5.2 /-pair production 

We assume that one of the sleptons is the LVSP in this subsection. We also 
assume that i?-parity is conserved, and the LSP is the lightest neutralino. Then 
the only possible decay mode is / — > l\\ further assuming lepton family number 
conservation. 

Fig. [5] shows the total cross sections for right-handed and left-handed fx pair 
production. The threshold behavior is (3 3 characteristic of scalar pair production. 
The experimental signature is a lepton pair with the same flavors with large missing 
energy or acoplanarity. Here we summarize the analysis of Ref. |68|, based on 



a rather conservative LEP detector simulation using the resolutions of 18%/ \/E 
for ECAL at 5° < 9 < 175°, 120%/v 7 ^ for HCAL at 10° < 9 < 170°, and 
the angular resolutions A(f) = A9 = 0.01 (ECAL) and 0.02 (HCAL). We made 
a slight modification: the level of the W-pair background is recalculated with 
my/ = 80 GeV and we discuss right-handed sleptons only without assuming the 
degeneracy with their left-handed counter parts.0 The reach for the left-handed 
sleptons is the same because their production cross sections are almost the same 
with the right-handed ones. One standard set of cuts is 

1. Two isolated muons well inside the detector |cos0 M ±| < 0.9, and E^± > 
5 GeV, 



2 Even if LEP-II immediately goes from y/s = mz to ~ 175 GeV, this step is in a much smaller 
ratio compared to that of the Tevatron to the LHC. 

3 More detailed studies with the real detector simulations are ongoing in LEP-II workshop. 
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Figure 3: Total cross sections of jiR and Jjll pair production at y/s = 190 GeV. 



Table 1: Cross sections for /i-pair signals and standard 
model backgrounds at yfs = 190 GeV, with m^sp = 
20 GeV. 



process 


(pb) 


<?acc (pb) 


/^(75)-pair 


0.18 


0.058 


/2 R (80)-pair 


0.11 


0.0375 


Aii(85)-pair 


0.064 


0.020 




7.8 


0.0 


WW -> \t\t + z/'s 


0.26 


0.034 



2. large acoplanarity angle?] cos 9 acop < 0.9, 

3. ± cos 9^± > 0, where the polar angle 9 is defined as an angle from the electron 
beam axis. 

A typical efficiency for the signal is about 35% [^, |69|1 . Then the discovery reach 
(5 (x) extends to 65 GeV (80 GeV) with 100 pb" 1 (500 pb" 1 ). 

The production of e-pairs has a larger cross section than /i-pairs due to the 
t-channel neutralino exchange diagram. The additional background specific to 
the e-pairs is ev e W final state, but it can be safely neglected at LEP-11 energy. 
Therefore, the reach is in general higher than /i-pair depending on the neutralino 
mass spectrum, and ranges between 85-90 GeV with 500 pb^ 1 ^9 . 



The study of r requires a special treatment due to the decay of r in the final 
state. There are purely hadronic final state, mixed hadronicdepton final state, and 



4 Wc define the acoplanarity angle as 



'acop 



= 7r — A<p where A(j> is a difference between the 



azimuths of the two final-state momenta. Some people use 180° — 9 acop as the definition. 
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purely leptonic final state depending on the decay of each of the r leptons. The 
purely leptonic mode suffers the most from the H^-pair background, because the 
signal is reduced by the r leptonic branching ratios 0.36 2 = 0.13, while the W^-pair 
background is four times as big as the /2-pair case because both e and \i final states 
contribute (see Table [l]). The hadronic decay of the r leptons can be distinguished 
from that from W — ► qq by requiring small invariant mass of the hadronic system. 
However, the mixed mode still suffers from IV-pair where one W decays into ru T 
and the other into ev e or /iz/ M , whose level is twice as high as in the /i-pair case, 
while the signal level is reduced by a factor of 0.36 x 0.74 = 0.23. The hadronic 
decay of both r's is the most efficient mode to avoid the background from W^-pair. 
The background level is the same as in /2-pair case, while the signal is reduced only 
by a factor of 0.74 2 = 0.55. If one uses the following selection criteria |p£f| : 

1. topology of 1-1 or 1-3 charged particles (with an efficiency of 30%), 

2. mass of each clusters to be less than m T , 

3. | cos^l < 0.9 for both clusters, 

4. each clusters with E > 2 GeV, 

5. total E vis > 10 GeV, 

6. no isolated 7, 

7. acoplanarity —0.8 < cos9 acop < 0.87, 

a typical efficiency is about 10%. The discovery reach at 5 cr is estimated to be 
about 75 GeV with 500 pb^ 1 . 



5.3 xf-pair production 

At the mass range explorable at LEP-II, Xi decays into three-body states Xiff' 
where / and /' belong to the same weak isodoublet. We assume in this subsection 
that Xi is the LVSP, and hence the decay xf ~~ > or ^il + is not allowed^] 

The production cross section is sensitive to the mass of z/ e , which is exchanged 
in the t-channel. Fig. |3] shows the cross sections for varying m^ e . The destructive 
interference between the s-channel 7, Z-exchange and the t-channel v e exchange 
can suppress the cross section by about an order of magnitude if mp e ~ Vs/2. 

The decay proceeds via virtual W-, I- and g-exchange. Then the leptonic and 
hadronic branching ratios vary as a function of I mass. For a wide range of param- 



eter space, jy-exchange dominates J70[ and the leptonic branching ratio is roughly 

5 Even when \t is the LVSP, there is a possibility that v decays invisibly v — * vxi an d has 
been missed experimentally, and \t decays mainly into vil + . Then the search for %^-pairs is 
similar to the search for slepton pairs, and the reach is expected to be higher than that for 
sleptons because of larger cross sections and sharper threshold behavior (/3 vs. /3 3 for sleptons). 
We do not discuss this case below. 
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Figure 4: Total cross sections of x\ P arr production at y/s = 190 GeV, as a function 
of m^, for two representative cases of gaugino-rich and higgsino-rich xt- 



30%. The leptonic branching ratio is larger when the chargino is gaugino-dominant 
and the sleptons are light. The dependence of the leptonic branching ratio on the 
underlying parameters is shown in Fig. [5| Below, the dominance of ^-exchange 
is assumed with a leptonic (hadronic) branching fraction of ~ 30% (70%). Even 
when one has different branching ratios, the efficiency of mixed leptonic-hadronic 
mode used below obviously does not change much (and could be even better). 

The mixed leptonic-hadronic mode is the most efficient one for the search [f7I| . 
Even though the pure hadronic mode has the largest branching ratio, it suffers 
from the background of VT-pair where one W decays hadronically and the other 
W into r, with its subsequent hadronic decay.[] The pure leptonic mode suffers 
the most from the IV-pair production where both of them decay into leptonic final 
states .Q 



Here we summarize the analysis done in Ref. [71]. The detector simulation is 



based on the parameters of ALEPH detector at LEP. One possible set of cuts is 

1. # charged particles > 5. 

2. tf T > 10 GeV. 

6 This is not a problem if charginos are well within the threshold. Then the typical total cross 
section is of order > 3 pb, with roughly half of this in the hadronic final state, while the jjTV T 
final state from W-pair has a cross section of 3.5 pb, and it is not difficult to find the excess. 
The advantage of the mixed mode is that one can go very close to the kinematic reach. Indeed, 
we also use pure hadronic mode in studying the branching ratios and cross sections later in this 
section. 

7 This is indeed much more difficult than the other modes. Signal cross section is of order 
0.06 pb, while the background from VT"-pair is 0.8 pb, assuming the dominance of the ty-exchange 
in the chargino decay. However, the leptonic branching ratio of the chargino may be much larger 
if the slepton-exchange dominates in the chargino decay (see Fig. ||); in this case, the purely 
leptonic mode is also useful. 



16 



125 




Figure 5: Contours of constant value of the leptonic branching fraction Bi (in %) 
in the (/x, M 2 ) plane for M 1 /M 2 = 0.5 and three sets of parameters (tan /3, m ; -, m^): 
(a) (2, 200, 200), (b) (2, 200, 800), and (c) (10, 200, 200). Note that we used 
different scales for /x and M 2 to make the numbers visible and to expand the 
gaugino region. For all figures, the value of Bi is ~ in the Higgsino region and 
grows as one approaches the gaugino region. The growth is faster for large tan/3 
(c) than for low tan/? (a). In (a) and (b) the Bi contours differ by approximately 
5% in the far gaugino region. Note also the "pocket" in the /x < near gaugino 
region, where B\ < |. The exchange of the charged Higgs is neglected in the decay 



process. Taken from Ref. [70 
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Figure 6: Contour of the total cross sections in pb of xf pair production at y/s = 
190 GeV, for mo e = 1 TeV. The kinematic limit is shown in dashed line, while the 
discovery reach at 500 pb" 1 is shown in dotted line. Units are in GeV. 
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Figure 7: Contours of the total cross sections in pb of xf P arr production at 
\/s = 190 GeV, for = 100 GeV. The kinematic limit is shown in dashed line, 
while the discovery reach at 500 pb -1 is shown in dotted line. Units are in GeV. 
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3. e or jj, with pi > 5 GeV and with a good isolation (no energy deposited larger 
than 1 GeV within a cone of 30° half-angle). 

4. squared missing mass > 4000 GeV 2 . 

5. mass of the hadronic system < 45 GeV. 

6. rrii u < 70 GeV with W-pair hypothesis. 

The efficiency of the signal is ~ 12% including the branching ratio, while the Im- 
pair background after the cuts is 7 pb; other standard model backgrounds are 2 pb. 
Given 100 (500) pb -1 , a 5 a signal can be found if the xf-pair cross section exceeds 
0.40 (0.17) pb assuming 12% efficiency 

The coverage on the parameter space (/i, M 2 ) is shown in Figs. |6],|7|. For a 
typical choice of MSSM parameters, \i = —100 GeV and tan/3 = 2, charginos up 
to 94 GeV can be discovered at 5 a level even with 100 pb -1 if m^ e is large enough. 
If mp e ~ 100 GeV, the discovery reach reduces to 81 GeV, but can be pushed up 
to 90 GeV if 500 pb -1 is accumulated. 

Once the chargino-pair is found, one can determine the masses of xt an d X?, 
and decay branching ratios. Here we use both mixed and purely hadronic modes 
to determine the branching ratios. This is possible if the chargino does not lie too 
close to the kinematic limit. For a sample parameter setQ 

(p, M 2 , tan /3, M x /M 2 , m h m f ) = (-400, 75, 4, 0.5, 200, 300) (3) 

in units of GeV for dimensionful parameters, a parton-level analysis was performed 
with the same selection criteria as above |jT0[| . The quark parton and lepton energies 
are smeared with the resolutions of ALEPH detector. It is assumed that the 
jet energy measurement can be improved by 25% by matching the tracks with 
the hits in HCAL and use momentum measurements by the tracking detector 
for charged particles |72]] . The di-jet invariant mass and energy distributions are 



shown in Fig. [8]. For an integrated luminosity of 1 fb _1 , the resolutions for the mass 
determination from the end points of the di-jet energy distribution are estimated 
to be, 

Am-± = 2.5 GeV and Am.o = 2.2 GeV. (4) 

Similarly, the total production cross section and the leptonic branching ratio can 
be determined as 



Aa w / ffto( = 5.0% and ASj/B, = 4.8%. (5) 

The important point is that we can often determine some of the original SUSY 
parameters even though we have six parameters (the rough degeneracy of all slep- 
tons and all squarks is assumed) while there are only four observables. This is 
because one cannot reproduce observed masses, cross section and branching ratios 

8 Here, we take the value M\jMi as predicted from GUT, but try to reproduce the number 
by taking it as a free parameter in the analysis. 
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Figure 8: The dijet (a) mass spectrum and (b) energy spectrum, after cuts, for 
the gaugino case (/i, M 2 , tan/3, MJM 2 , m h m$) = (-400,75,4,0.5,200,300) with 
integrated luminosity 1 fb _1 . In these distributions, hadrons from r lepton decays 
have not been included. The finite detector resolution effects cause the spectra to 
have tails that exceed the theoretical limits, but despite this, the endpoints are 
fairly sharp. We estimate that the la uncertainty of rrijj is 2 GeV, and that for 
Ejj is 3 GeV. Note that very few events have dijets with low invariant mass, and 
it is therefore possible to distinguish hadrons that result from r decays and those 
that result from hadronic chargino decays. 
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Figure 9: The allowed region in the (a, tan/?) plane for the gaugino case study 
with both signs of M± allowed, where a = arctan/z/M 2 . The hatched regions are 
excluded by the measurements of m-±, m^o, a tot , and Bi, which confine the allowed 
region to narrow strips in the gaugino region. The dot indicates the underlying 
value of (a,tan/3) for the gaugino case study. 



by choosing the parameters arbitrarily. For instance, see the strong dependence of 
the leptonic branching ratio on the underlying slepton mass and chargino param- 
eters in Fig. ||. Also the parameter space is cut off by boundary conditions (e.g., 
lower bound on sparticle masses). For the above sample parameter set, the ratio 
|/z|/M 2 can be determined rather well. The result is shown in Fig. ^, on the two- 
dimensional parameter space (a,tan/3) where a = arctan /i/M 2 . Other parameters 
are determined as 

0.97 < p-± < 
0.97 < p^o < 
180 GeV < m] < 

0-43 < It < 
-1 TeV < n < -290 GeV or 

63 GeV < M 2 < 

assuming the positive relative sign for M x and M 2 . Here, p-±, p^o are "gaugino- 
ness" of the chargino and LSP, respectively; they are defined as the squared sum of 
the coefficients of the gaugino fields in the linear expansion of the mass eigenstates 
in terms of the interaction eigenstates. Note that one could obtain an upper bound 
on the slepton mass. It is also interesting to note that one can verify the GUT 
relation Mi/M 2 = 0.5, illustrating the ability of precision measurements to shed 
light on physics at the very high energy scale. 



1.00 
1.00 

225 GeV 
0.58 

300 GeV < p < 1 TeV 
93 GeV , 



(6) 
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5.4 Other sparticles and Higher Order Processes 

The associated X1X2 production is kinematically allowed for a larger range than 
xf-pair production in the gaugino-region M2 < |/il||69|l. The total cross section for 
this process is typically quite small since the gaugino components of the neutrali- 
nos don't couple to the Z. However, if is small enough, a detectable rate is 
possible. An analysis has been performed in the framework of the minimal SUGRA 
model Jft|. They find that the dilepton channel from X2 ~~ * ^Xi is plagued by back- 
ground from WW production, but suitable cuts can allow a region of observability 
The dijet channel, which occurs when %\ — > qqxi, is also observable, but only in a 
small region of SUGRA space, when chargino pair production is not allowed. 

If squarks are within the reach of LEP-II, but the chargino xt is n °t> they 
decay directly into q — > qxi- This case was studied in Ref. |68|], with the same 



detector parameters shown in the case for /i-pair study. The selection criteria are: 

1. 85 GeV <E < 160 GeV, 

2. 40 GeV <i> T < 100 GeV, 

3. no isolated leptons, where an isolated lepton is defined as one with E\ > 
10 GeV and with hadronic energy smaller than 2 GeV inside the 20° cone 
around the lepton momentum. 

Requirements (2) and (3) completely eliminates Z-pair and most of the PU-pair and 
qcpf backgrounds. The efficiency of the signal is found to be 51% for rriq = 85 GeV 
and m^o = 20 GeV. The background levels are 0.05 pb from qq'y, 0.15 pb from 
PF-pair and none from Z-pair. A 5 a signal can be obtained up to rriq L = 85 GeV 
with 100 pb -1 at ^fs = 190 GeV f68fl , with 10 degenerate flavors assumed, which 
is a common assumption made at a hadron collider. 

If one does not assume the degeneracy between squark flavors, the reaches are 
very different for each of the quantum numbers. The production cross sections are 
very different for Ul, ur, cIl, cIr, with a ratio of roughly 7.3:4.0:6.0:1. Assuming the 
same efficiencies as above, the 5 a discovery reach for individual squarks is about 
72 GeV, 59 GeV, 70 GeV, and none at 100 pb" 1 , and 83 GeV, 76 GeV, 80 GeV and 
31 GeV at 500 pb -1 . It is noteworthy that one can have better discovery reach for 
d R below the PU-pair threshold: 35 GeV with 100 pb" 1 and 54 GeV with 500 pb" 1 
at v/i = 150 GeV. 

An interesting possibility is that the scalar top t\ is light. When t\ is lighter 
than Xii it mostly decays 0] into c%°. The signature is the same as q discussed 
above, acoplanar cc. Therefore a discovery reach of about 76-83 GeV is expected 
with 500 pb -1 depending on the mixing angle t\ = iicosOt + Ir sin 6 t . 

If the "visible" sparticles do not lie within the kinematic reach of their pair 
productions, we can still look for three-body final states such as 

e + e" - xlxh, (7) 

- z>z>* 7 , (8) 

- e^xl (9) 
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-e^W, (10) 

- ^^Xl (11) 

- ggxi- (12) 

However, their cross sections are usually suppressed due to the small phase space 
and because they are higher order in coupling constants than the pair production. 



The first four processes above were studied in detail in Ref. p9| . However, the 
cross sections are < 0.1 pb for w*7, and even smaller for the other three processes 
given the current LEP constraint on v mass and the assumption that either e 
or Xi are beyond the threshold of their pair productions. The standard model 
background from the vv^ final state was studied in [[75| with a similar cut and 
found to be ~ 0.36 pb. Therefore, the discovery potential of these signals via the 
observation of an excess of single photon events over SM expectations is marginal. 
Other signals have not yet been fully studied. 



6 Search for SUSY at the Tevatron and its up- 
grades 

Various sparticle pair production cross sections are shown in Fig. |IU] for yfs = 2 
TeV pp collisions at the Tevatron collider. In this plot, we take (a) m g = rrig 
and (b) rrig = 2m g , with tan/3 = 2 and \i = — m^.f\ We convolute with CTEQ2L 
parton distribution functions. From (a), we see that strong production of gg, gq 

and qq is the dominant production cross section for m g ~ 325 GeV. As one goes to 
higher gluino masses, the gluino and squark cross sections become kinematically 
suppressed. However, the charginos and neutralinos are still relatively light {rn~± ~ 

m~o ~ \ — \rrig); then, when /j is large compared to Mi and M 2 , X1X2 an d X1X1 

become the dominant cross sections. It is instructive to see that if rrig = 2m g , X1X2 
production begins to be the dominant source of SUSY events for gluinos heavier 
than just 200 GeV. The sum of all associated production mechanisms remains 
below these other cross sections, and never dominates. This gives a good idea of 
what to search for, depending on mf as long as one is probing m g ~ 200 GeV, 
one should focus on g and q production, with their subsequent cascade decays; for 
gluinos with masses between 200-325 GeV, this is still the best channel to search 
for SUSY if rriq = m g , but for heavier squarks, xtxt production dominates even if 
gluinos are as light as ~ 200 GeV. Note, however, that given sufficient integrated 
luminosity, the highest reach in m g will ultimately be reached by exploring the 
PP -> X1X2 and X1X1 reactions. 



This is motivated by supergravity models. 
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Figure 10: Total cross sections for various sparticle pair reactions for pp collisions 
at v/i = 2 TeV. 

6.1 Sparticle cascade decay signatures at the Tevatron 

In general, sparticle pair production at the Tevatron collider is followed by sparticle 
decays through a cascade until the LSP (x?) state is reached |37]]. Hence, sparticle 
production is signalled by events with n-jets plus m-isolated leptons plus 1$ T (n, m 
non-negative integers). These events can be broken down into various distinct 
classes: 

• multi — jet + l$rp events (veto isolated leptons); 

• 11 + jets + Ijjrp events (these have huge backgrounds from direct W produc- 
tion); 

• 2£ + jets + Ifirp events (these can further be broken down into opposite-sign 
(OS) isolated dileptons, which have substantial backgrounds from ti, WW 
and t + t~ production, and same-sign (SS) isolated dileptons, for which the 
SM backgrounds are expected to be much smaller); 

• 3£ + jets + ffjrp events (these further sub-divide into those containing jets, 
which usually come from gluino and squark cascade decays, or events with 
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three isolated leptons, plus little or no jet activity, which usually come from 
X1X2 production, followed by their leptonic decays. Assuming that leptonic 
decays of the Z can be identified with high efficiency, SM backgrounds to 
these events are expected to be small); 

4£ + jets + I^rp events (these events usually come from the presence of two 
Xg's in an event; they have low cross section, but tiny backgrounds as well). 

> 5£+jets + l$ T events (these can only be produced by multi-step cascades of 
very heavy sparticles, or, in i?-parity violating models where the LSP decays 
into leptons via lepton number violating interactions). 



In Ref. fl52|, IS A JET 7.13 was used to generate all lowest order 2 — > 2 subpro- 



cesses, with a complete event simulation. Experimental conditions were simulated 
using a toy calorimeter with segmentation At] x Acf) = 0.1 x 0.09 and extend- 
ing to 1 77 1 = 4. An energy resolution of ^= for the hadronic (electromag- 
netic) calorimeter was assumed. Jets were defined to be hadron clusters with 
E T > 15 GeV in a cone with AR = y/Ar)' 2 + A<fi 2 = 0.7. Leptons with p T > 8 GeV 
and within |t^| < 3 were considered to be isolated if the hadronic scalar in a cone 
with AR = 0.4 about the lepton was smaller than ^2. Finally, R T > 20 GeV 
was required in all events. For each of the event topologies introduced above, we 
impose the following additional requirements: 

1. Ifrp events, are required to have n Je t > 4 with at least one of the jets in 
the central region, \rj\ < 1, and following the recent analysis by the DO 
collaboration jKJ, 1$ T > 75 GeV. We veto events with either isolated leptons 

with Et > 15 GeV (to reduce W backgrounds), or a jet within 30° of fa- 

2. Single lepton events were defined to have exactly one isolated lepton with 
E T > 15 GeV. We reject events with 60 GeV < m T (£, E T ) < 100 GeV which 
have large backgrounds from W production. 

3. The OS dilepton sample was defined to have two opposite sign isolated lep- 
tons with pt > 15 GeV and 30° < Acpi+p- < 150° and no other isolated 
leptons. To eliminate backgrounds from Z production, events with 80 GeV 
< m(£ + £~~) < 100 GeV were rejected. 

4. The SS dilepton sample was required to have exactly two isolated leptons, 
each with p T > 15 GeV, and no other isolated leptons. At least two jets are 
also required. 

5. The ri£ > 3 event sample was defined to have exactly isolated leptons, 
with pr(4) > 15 GeV and p T (£ 2 ) > 10 GeV. 

The cross sections for the various SUSY signals calculated within the SUGRA- 
inspired MSSM framework are shown in Fig. |ll|, for (a) rriq = m- g + 10 GeV, (b) 
rriq = nig — 10 GeV, and (c) rriq = 2m§. Here, tan/3 = 2, \i = —rrig, m t = 170 GeV, 
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Figure 11: Cross sections at the Tevatron (y/s = 1.8 TeV) in fb for various event 
topologies after cuts given in the text for the MSSM, for three choices of squark 
mass. We take /i = — nig, tan/3 = 2, A t = A b = —nig and niA = 500 GeV. The 
Ifirp events are labelled with diamonds, the l-£ events with crosses, the £ + £~ events 
with x's and the SS with squares. The dotted curves are for 3-£ signals, while 
dashes label the 4-£ signals. For clarity, error bars are shown only on the lowest 
lying curve; on the other curves the error bars are considerably smaller. We note 
that the nig = 150 GeV case in b is already excluded by LEP constraints on the Z 
width, since this implies = 26 GeV. 



and the pseudoscalar Higgs boson mass is taken to be 500 GeV. The slepton masses 
are determined in terms of nig and m, using renormalization group equations to 
evolve from a common sfermion mass at the GUT scale. 

The physics backgrounds to these event topologies within the SM framework 
are shown in Table 2 for a top quark mass of 150 GeV and 175 GeV. Detector- 
dependent backgrounds to multilepton signals from misidentification of jets as iso- 
lated leptons|76| or to the If T > 75 GeV signal from mismeasurement of QCD jets 
should be small. 

We see that while SUSY signals and SM backgrounds are of comparable mag- 
nitude in the If T and OS dilepton channels, the signal cross sections substantially 
exceed backgrounds in the SS and n t = 3, and in some cases, n^ > 4 isolated lepton 
channels. The reach of the Tevatron is estimated by requiring that the SUSY signal 
(in any channel) exceed the background by 5a; i.e. N sig > 5\JN back , where N sig 
(Nback) are the expected number of signal (background) events in a collider run, 
and where the m t = 150 GeV background numbers have been used. In addition, 
to incorporate systematic uncertainties inherent to these calculations, it is further 
required[Q (somewhat arbitrarily) that N sig > 0.25Nb ac k- For further discussion 
of this point, see Sec. 9. The reach of the Tevatron is illustrated in Table 3, both 
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Table 2: Standard Model background cross sections in fb for various event topolo- 
gies after cuts described in the text, for pp collisions at \fs = 1.8 TeV. The W +jet 
and Z + jet results include decays to r leptons. 



case 




1 £ 


05 


55 


3 £ > 4 £ 


tf(150) 


270 


1200 


190 


0.8 


0.7 


tt(175) 


145 


590 


90 


0.3 


0.3 


W + jet 


710 


1.2 x 10 6 








Z + jet 


320 


2200 


69 






WW 


0.4 


110 


130 






wz 


0.04 


4.3 


1.2 


2.1 


0.4 


total BG(150) 


1300 


1.2 x 10 6 


390 


2.9 


1.1 


total BG(175) 


1175 


1.2 x 10 6 


290 


2.4 


0.7 



Table 3: Reach in m g via various event topologies for the SUGRA-inspired MSSM, 
assuming an integrated luminosity of 0.1 fb -1 (1 fb -1 ), at the Tevatron collider. 
The reach has been conservatively calculated using m t = 150 GeV, and will be 
slightly larger since the top quark mass has recently been measured to be m t — 175 
GeV. 

case Ifirp 11 OS SS_ 3 £ > 4 I 

m q = m-g + 10 GeV 240 (260) — (— ) 225 (290) 230 (320) 290 (425) 190 (260) 
rrig = m~ g - 10 GeV 245 (265) - (— ) 160 (235) 180 (325) 240 (440) - (— ) 
rrig = 2m g 185 (200) - (— ) - (180) 160 (210) 180 (260) - (— ) 



for an integrated luminosity of 0.1 fb^ 1 that is expected to be accumulated by the 
end of Tevatron run IB, and, in parenthesis, for an integrated luminosity of 1 fb^ 1 
that should be accumulated after one year of Main Injector (MI) operation. The 
multi-lepton signals have only been evaluated for negative values of \i. For fi > 
and somewhat heavy squarks, the leptonic decay of x° is strongly suppressed by 
complicated interference effects. This could lead to a substantial reduction of the 
3£ signal. In Table 3, a minimum of five signal events (ten for the MI reach) are re- 
quired in each channel. For the SS and 3£ samples where the expected background 
is very small (so that the 5a criterion is not meaningful), we have checked that the 
Poisson probability for the background to fluctuate to this minimum event level is 
< 2 x 10~ 4 and < 10~ 5 , respectively. 

Several conclusions can be drawn from Table 3. We have checked that in run 
IA of the Tevatron collider (integrated luminosity ~ 0.02 fb' 1 ), the greatest reach 
in rrig is achieved in the I$ T + jets channel, with essentially no reach via multi- 
lepton signals. However, for run IB (integrated luminosity ~ 0.1 fb -1 ), there is 
now a comparable reach also in each of the OS and SS dilepton channels, and 
for ix < 0, especially in the 3£ channel. In the main injector era (integrated 
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luminosity ~ 1 fb^ 1 ), the reach in the I$ T + jets channel will be background 
limited. However, in the SS dilepton and 3£ channels, a much larger range of 
masses can be explored. In the 3£ channel, for rriq ~ 2rrig, m g ~ 260 GeV can be 
explored, while for nig ~ m g , squarks and gluinos as heavy as 425-440 GeV might 
be detectable! 

The reach in m g has also been evaluated in Ref. [75 1 for the TeV* and the 
DiTevatron. At the DiTevatron, the strong production of SUSY particles is greatly 
enhanced relative to the lf T background, which is mainly electroweak. In the 
Ij/rp + jets channel, it is estimated the DiTevatron has a reach of m g ~ 500 — 600 
GeV. 



6-2 X1X2 3^ signal 

The usefulness of the reaction pp — > W — > X1X2 ~^ 3£ + ff T was suggested long 
ago in Ref. J7^], while complete calculations for on-shell Ws were carried out in 
Ref. [78]. Arnowitt and Nath pointed out that with an integrated luminosity of 100 
pb^ 1 , signals from the pp — *> XaX2 reaction remains substantial even when the inter- 
mediate W is off-shellW^. Even so, subsequent full calculations of the 3£ signature 



reached rather pessimistic conclusions for Tevatron energies ||80|| , although these 
assumed X2 an d Xi decays only via virtual W and Z bosons. Ultimately, it was 
pointed out that, in SUGRA models, where m^ is frequently much lighter than rriq, 
the X2 an d sometimes also xt leptonic branching ratios enjoy a large enhancement 
(for /i < 0), if all decay diagrams are included[f2T|. This allows Tevatron collider 



experiments to probe much deeper into the SUGRA parameter space than pre- 
viously expected. Further calculations, some using the SUGRA framework with 
particular choices of string- motivated soft-breaking boundary conditions pi], 76" 



others performed within the minimal SUGRA framework ||32||, confirmed these ex- 
pectations. 



In Ref. [83], simulations of clean trilepton signal and background were per- 



formed using the minimal SUGRA framework. We show in Fig. 0a and Fig. |13| a 
(taken from Ref. |8B|]) the regions in the m vs. plane where the clean trilep- 
ton signal ought to be observable (after cuts) at the Tevatron Main Injector with an 
integrated luminosity of 1 fb^ 1 (black squares), and at a luminosity upgraded (25 
fb^ 1 ) Tevatron, TeV*, at the 10cx (squares with x's) and 5a level (open squares). 
In Fig. and Fig. |l3] fr, we show corresponding mass contours for g, Xi an d £r, 
for comparison. 

We see that the reach of the MI and TeV* are variable in parameter space, but 
that the largest reach is attained when mo is small, so that X2 ~^ ^ ^ wo body 
decay dominates the branching fractions. In this case, for both signs of /z, TeV* 
can probe to m g ~ 600 — 700 GeV. As m increases, x\ ~ * closes, and decays 
are dominated by X2 ~* ^ an d there is a gap in trilepton reach, even though 
X2 ~> ^R^ i s accessible. For even higher values of m , X2 decays via 3-body decays, 
unless the X2 ~^ xV 1 or X2 ~^ Xi^ decay modes are kinematically allowed. For 
ji < and large mo, the MI (TeV*) can see to m g ~ 300 GeV (500 GeV). However, 
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for fi > 0, we see that for large mo there is no reac/Q via trileptons for either MI 
or TeV*. For large values of m 1( / 2 , the x° ~~ > xV 1 or X2 ~^ Xi^ decay modes turn 
on, dominating the branching fractions, and spoiling the signal. Thus, the onset 
of these "spoiler modes" provides a natural limit beyond which the 3£ signal is no 
longer viable, (for large mo). 

In Ref. [[TIJ, the reach in the 3£ channel for the proposed DiTevatron upgrade 
is calculated, with y/s = 4 TeV. Their results show that the reach via trileptons of 
the DiTevatron is not enhanced much beyond what a 2 TeV Tevatron can do. This 
is easy to understand. X1X2 production takes place mainly via valence quark anni- 
hilation, and hence doubling the Tevatron energy only increases the cross section 
in this channel by a factor of ~ 3. Meanwhile, a very significant SM background 
comes from ti production, which takes place via gg as well as qq fusion. The ti 
background increases by a factor of ~ 20 when going from 2 to 4 TeV collisions^. 

It has also been pointed out that observation of a sufficient number of 3£ events 
can allow for a relatively precise m~o — m~o mass measurement, by measuring the 



m(££) distribution in e.g. ee/z events [21]. Such a measurement requires a significant 
trilepton sample that is devoid of contamination from SM backgrounds or from 
other SUSY sources. While this measurement may turn out to be possible at 
the Tevatron (for some ranges of parameters), it will require the highest attainable 
luminosity, and will be contingent upon how well the detectors function in the high 
luminosity environment. In the next section, we will also see that this measurement 
should be relatively easy at the LHC, unless the leptonic decay of the neutralino 
is strongly suppressed. A measurement of m~o — m~o may thus be a starting point 
for disentangling the various sparticle masses. 



6.3 Top squark search 

In minimal SUGRA, the soft-breaking masses m~ and m~ are driven to lower 

' t L t R 

values than for the other squarks, due to the large top quark Yukawa coupling. 
The II — Ir mixing induced by Yukawa interactions reduces the light top squark 
mass mi x even further. Hence, the light top squark is frequently much lighter than 
the other squark species; in this case, Tevatron limits on nig, which are derived 
assuming ten degenerate squark types, are not applicable to the top squark. Top 
squarks require an independent search effort at Tevatron experiments. For identical 
top and stop masses, the stop pair total cross section is typically ~ | — of the 
top pair cross section fl9|j. 

10 This is due to a strong suppression of the leptonic branching fraction of X2 which mainly 
occurs due to negative interference between Z and £l exchange diagrams in the x?. leptonic width. 
The result presented here is at variance with results presented in Ref. |8l], [76|, §3, where the 
authors suggest that trilepton searches will significantly extend the reach in X\ independently of 
the sign of \i. Of course, for very large values of mo, the sfermion mediated amplitudes become 
suppressed, and the neutralino branching ratios are those of the Z boson. 

n It may, however, be possible to suppress the ti background with about a 50% loss of signal 
using a cut described in Sec. 7.2 where we discuss the extraction of this signal at the LHC. 
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Figure 12: Regions of m vs. plane where clean trilepton signal is observable 
over background, for Tevatron MI project (1 fb~ l ) and TeV* (25 We take 

Aq = and ji < 0. The decay x° — * Xih is allowed above the indicated contour, 
while the decays \% — > z>z/ and x° — *■ ^R^ are allowed to the left of the labelled 
contours. 
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Figure 13: Regions of m vs. plane where clean trilepton signal is observable 
over background, for Tevatron MI project (1 fb^ 1 ) and TeV* (25 fb^ 1 ). We take 
Aq = 0, and /i > 0. The decay x° ~* Xih is allowed above the indicated contour, 
while the decays x% ~^ vv and ~^ ^R^ are allowed to the left of the labelled 
contours. 
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If > mb + m~± } then t\ — > 6x x decays are expected to dominate for the stop 
masses ~ 50 — 125 GeV accessible to Tevatron experiments. In the case where 
other squarks and sleptons are all relatively heavy, the lighter chargino decays 
dominantly via virtual W exchange so that the branching fractions for the leptonic 
decay Xi ~^ ^ v x\ is ~H% per lepton family Then, top squark pair signatures are 
identical to top quark pair signatures, except that the decay products are softer. In 
the pp — > t\ti — > bbiuqq' X1X1 channel, it has been shown that|2(J given a data set 
of 0.1 fb~ l , a signal may be detectable for < 100 GeV, but only if adequate B 

micro-vertex tagging is available. In the pp —>■ tit\ —>■ bb££' u' uxiXi channel, the t- 
squark signal can be separated from the top quark background by searching for soft 
dilepton events: one cuts, for instance, on the sum |pr(^i)| + |Pr(^2)| + Wt\ < 
GeV to remove harder dilepton events from top quark pairs. This cut works well 
if m t > 150 GeV, which now appears to be the case. We also note that scalar 
top signals may be significantly enhanced if the sleptons are significantly lighter 
than squarks and is large, in which case the branching fractions for the leptonic 
decays of chargino may be considerably larger than those for W. 

If the decay t\ — > bxf is kinematically closed, then the t\ will decay[Q domi- 
nantly via a flavor changing loop to CX\- In this case i\ti production is signalled 
by l$rp events, exactly as for squark production (but without any cascade decays). 
Hence, the relevant reaction is pp — > iiti — > cc^X?, and one looks for two jets plus 

]$ T . Again, suitable cuts will allow Tevatron experiments to probe ~ 100 GeV 
with 0.1 fb~ l of data, even if the LSP is rather heavy f20| . 



6.4 Slepton search 



The search for sleptons at the Tevatron collider was addressed in Ref . [^4] . In that 
work, all channels of slepton production and decay were simulated using ISAJET. 
The best bet for observing slepton signals appeared to be in the OS 2£+]$ T channel. 
Even here, there were large irreducible backgrounds from WW production (as well 
as possible contamination from other SUSY souces such as XiXi production) which 
precludes clear identification of the slepton signal. The conclusions were that, even 
using the Tevatron main injector, a signal would be very difficult to see for slepton 
production via off-shell Z bosons- i.e., if > 45 — 50 GeV. 



6.5 Multichannel search for minimal SUGRA 

How do the various search strategies outlined above correlate to each other? Which 
SUSY searches are complementary, and which overlap? How do searches for 
SUSY at the Tevatron compare to SUSY searches at LEP, or LEP-II? These ques- 
tions can most sensibly be addressed by working within the relatively constrained 
framework of minimal supergravity with radiative electroweak symmetry break- 
ing, and universal soft-breaking terms at the unification scale. In this framework, 
all sparticle masses and couplings are determined by specifying the parameter set 
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mo, mi/2, A , tan/3, sign(n), introduced in Sec. 2. The parameter A mainly af- 
fects the 3rd generation sparticle masses, and the spectrum changes slowly with 
variation in tan/3 (of course, the phenomenology may be significantly altered if 
new decays, e.g. Xi ~~ > hb become allowed). Hence, the m vs. mu2 plane seems 



to provide a convenient panorama in which to plot results. In Fig. [14], we take 
A = 0, tan/3 = 2 and m t = 170 GeV, and show results for both signs of \i. We 
note the following features: 

• the gray regions are excluded on theoretical grounds, since in the lower left 
region, electroweak symmetry breaking does not occur, or cannot attain the 
proper Z-boson mass. Other parts of the gray regions are excluded because 
sparticles other than the Xi become the LSP. 



In Fig. [TJIa, the currently experimentally excluded region is below the hatch 



marks, and is due to four separate limits: the LEP limits that m~± > 47 



GeV, rrih ~ 60 GeV, and ma > 43 GeV, and also the Tevatron I$ T + jets 



search. In Fig. 14 b, the experimentally excluded region is made up entirely 



of the LEP chargino mass bound. 

Future searches at LEP II should probe rn~±, and m h up to nearly 90 
GeV. These regions are denoted by dot-dashed lines. 

The corresponding value of rrig is plotted on the right axis, for comparison 
with reaches calculated in the summary Table in Sec. 10, or Ref. []76]. These 



values vary only slightly with m due to inclusion of differences between the 
DR and pole values of mg[]33|. 



The total X1X2 ~^ 31 + Ifi T cross section is plotted for 200 fb (roughly attain- 
able by Tevatron run IB), and for 20 fb (roughly attainable by the Tevatron 
MI run with 1 fb' 1 of data). Since no simulation has been performed, these 
must be regarded as maximal regions, because in some areas, lepton p T values 
may be too soft for detection. We remind the reader that the results of the 
complete simulation of the trilepton signal are shown in Fig. O and Fig. ITB 



We also show with the dotted lines the regions where the \\ spoiler modes 
turn on. These regions show the limit beyond which no Tevatron upgrade is 
likely to probe. We also show regions where xH can decay via two-body modes 
into real sleptons or sneutrinos. In these regions, there can be large fluctu- 
ations of signal due to branching fraction and kinematical effects. Again, 



these regions may be compared with the corresponding regions in Fig. [12 



and Fig. 13. 



It is easy to see from Fig. |14] that the regions explorable by Tevatron Ifi T searches 
(across all mo values) are complementary to the regions explorable via 3£ + ]$ T 
searches (which favor small mo). Also, the complementarity of searches at LEP 
and Tevatron, and LEP II and Tevatron Main Injector, is also easily seen. Similar 
plots for a different Aq value (where the t\ search also enters), and tan/? = 10 are 
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shown in Ref. [26]. Since this constrained SUGRA framework has been embedded 
into ISAJET, various experimental search efforts should be able to combine results 
within the GUT scale SUGRA parameter space. 




Figure 14: Regions in the mo vs.mi/2 plane explorable by Tevatron and LEP II 
experiments. 

Additional assumptions from theories at the GUT or Planck scale can further 
reduce the parameter space of supersymmetric models. For example, in super- 
string models with supersymmetry breaking in the dilaton sector, the universal 
soft breaking parameters are related such that 

mi/2 = —A Q = V3m . (13) 

In models with supersymmetry breaking in the moduli sector, one expects the 
"extreme" (sometimes called "no-scale") boundary conditions 

m = A = 0, (14) 

although quantum corrections can distort these simplified values. Implementation 
of such boundary conditions can reduce the parameter space to just one or two 



34 



dimensions (depending on whether one further specifies the soft-breaking B param- 
eter), plus the usual sign of // ambiguity. Various analyses have been performed 
within these contexts, assuming gauge unification at the GUT scale, or sometimes 
at the string scale, where extra heavy particles (m ~ 10 7 — 10 12 GeV) must be 
added to maintain unification |85||. In Ref. [ 86(1 , these various classes of models 



have been examined, and rather complete parameter space scans have been carried 
out for Tevatron energies. ISAJET was used to simulate all sparticle subprocesses 
and decay mechanisms. In general, the low values of m in these models lead to 
slepton masses much smaller than squark masses. Consequently, one generates a 
large number of leptons in the final state. In the best cases, one can probe to 
nig ~ 500 GeV using the Tevatron MI, by searching for trilepton and SS dilepton 
events. In the worst case (Dilaton models with GUT scale unification and nega- 
tive fi), the light chargino and neutralino dominantly decay to real sneutrinos, so 
that only nig ~ 300 GeV can be explored at the MI. Further details regarding the 
features of these models may be found in Ref 



EH and Ref. M 



We emphasize, finally, that the various GUT or string scale assumptions made 
in this section are just that- assumptions. Whenever possible, search efforts should 
be performed using the most general, and encompassing, framework available. 



6.6 What if imparity is violated? 

Additional interactions which respect gauge symmetry, but violate baryon (B) 
and/or lepton (L) number conservation, can be added to the superpotential of the 
MSSM. In this case, i?-parity is violated. Simultaneous presence of both B and L 
violating interactions can lead to catastrophic proton decay, so usually one or the 
other (or both!) of the interactions is assumed absent. In general, a large number 
of different i?-violating interactions can be introduced, which can lead to very 
complicated (and intractable) phenomenology [pT| . If the R- violating interactions 
are large, sparticle production and decay patterns are altered, and in particular, 
single production of sparticles is possible. In addition, these interactions can also 
affect the renormalization group flow of various masses and couplings. If the R- 
violating interactions are sufficiently small, then gauge interactions still dominate 
sparticle production and decay rates but the LSP \i becomes unstable so that the 
classic I$rp signature may be destroyed. 

This latter case of i?-violation has been examined for Tevatron experiments 



in Ref. [52], for a "worst case" and "best case" situation. The worst case is 



where x? — * QQQ {B- violating), in which case the If T signature might be lost, and 
additional hadronic activity would cause leptons from cascade decays to fail the 
isolation requirements causing the SUSY signal to be lost beneath SM backgrounds. 
The best case might be where Xi ~^ which may lead to a plethora of isolated 
leptons in the final state . 



In Ref. |[52|| , for the baryon number violating case it is assumed that the only 
effect of i?-violation is to cause Xi ~~ * °ds or cds. Then sparticle production and 
decay are simulated exactly as in Sec. 6.1, with the same detector characteristics. 
The resulting mass reach is listed in Table 4. We see that there is almost no reach 
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Table 4: Reach in m g via various event topologies for R-parity violating SUGRA- 
inspired MSSM, assuming an integrated luminosity of 0.1 fb _1 (1 fb _1 ), at the 
Tevatron collider. We use m t = 150 GeV for the background. In a), we show 
results for 5-violating interactions, while in b) we show results for L-violating 
interactions. 

case tf T 11 OS SS_ 3 £ > 4 I 

a) BNV 
mq = m g + 10 GeV - (— ) 
m- = m . - 10 GeV 200 (210) 

rrig = 2m g — ( — ) 

b) LNV 

m - = m - + 10 GeV - (150) 
m g = m~ g - 10 GeV 160 (180) 

niq = 2m g - (—) 



165 (210) 200 (280) 220 (350) 
150 (165) 165 (235) - (360) 
- (-) - (200) - (190) 



(165) 



- (— ) 240 (300) 330 (450) 480 (650) 540 (740) 

- (— ) 250 (300) 330 (450) 460 (640) 520 (710) 

- (— ) 190 (260) 340 (540) 540 (730) 600 (840) 



in the I$ T channel, even given the Main Injector integrated luminosity of ~ 1 fb^ 1 . 
However, the presence of cascade decays still allows hard leptons and neutrinos 
to be produced in the final state, although fewer leptons will be isolated due to 
the additional hadronic activity from LSP decays. We see that in the SS dilepton 
channel, and especially in the isolated 3£+jets + I$ T channel, there remains enough 
signal to search for substantial ranges of m g ~ 200 — 350 GeV with the Tevatron 
MlQ. The reach of the Tevatron would be somewhat smaller if tan f3 is large since 
the MSSM SS and 3£ cross sections are known to be smaller for tan/? = 10 — 20. 

For the "best case" scenario studied in Ref. [|52|] it is assumed that the LSP 
exclusively decays into (readily identifiable) muons and electrons via Xi 
(and related processes) which take place via L-violating interactions, with all other 
production and decay mechanisms remaining unaltered. In this case, four addi- 
tional hard, potentially isolated leptons can exist in the final state. The reach is 
again listed in Table 4. We see that in the isolated multilepton channels, very large 
reaches in m g are possible. In particular, in the 4£ channel at the main injector, 
equivalent gluino masses of ~ 700 — 800 GeV can be probed! 



7 Search for SUSY at the CERN LHC 

The CERN Large Hadron Collider, a pp collider to operate at y/s = 14 TeV, is 
frequently regarded as a machine capable of a thorough search for supersymmetric 
particles below the TeV scale. In Fig. [15|, we show total cross sections for various 
sparticle pair production reactions as a function of m g . We set tan/5 = 2, and 
\x = —rrig] the plots are insensitive to \i as long as fi is large so that the lighter 
-inos are mainly gaugino rather than higgsino. In a), we take rrig = m g , while 

12 Again, it should be kept in mind that the reaches in Table 4 have been obtained with /i < 0. 
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Figure 15: Total production cross sections for various reactions at the LHC. 



in b) we take trig = 2m g . We see that in a), the summed strong production of 
99 + M + M is the dominant cross section over the complete range of m g all the 
way up to 2 TeV. In case b), however, we see that the chargino/neutralino pair 
production reactions become the dominant SUSY particle production mechanism 
above m g ~ 1100 GeV. In this mass range, X1X2 ~* (^Xi) + (^Xi) "~ > &bb + I$ T 
should have major background problems from Wbb, Wh and ti production. In these 
figures, there is assumed five degenerate species of L- and R- squarks. If the light 
top squark is much lighter than other squarks, then its production mechanism may 
dominate other squark production mechanisms. Associated production is always a 
sub-dominant component of sparticle pair production for both cases a) and b). 

7.1 Sparticle cascade decay signatures 

As in the case of the Tevatron collider, sparticle pair signatures at LHC divide 
into the various 1$ T , 1£, 2£ (SS and OS), 3£ and > 4£ classes. In addition, the 
rate for events containing high px leptonically decaying Z bosons together with 
J^irp can be substantial at LHC. In Ref. these various signals were plotted with 
a set of nominal cuts, and compared with the corresponding SM backgrounds. 
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Figure 16: Cross sections after cuts for various event topologies at the CERN LHC 
pp collider. 



We update|94| this plot in Fig. [16], using ISAJET 7.13, for the same set of cuts 



as in Ref . ||S8|| , except for now using a calorimeter out to \r]\ < 5, and requiring 
\rjj et \ < 3. Error bars denote the statistical uncertainty in our simulation of the 
smallest cross sections. This sampling of a particular slice of SUGRA parameter 
space (m = mi/2, A Q = and tan/3 = 2) illustrates several points: 



the Iftrp + jets signal|K| |9lH , although dependent on the specific cuts, occurs 
at a significant rate for a large range of m g well beyond 1 TeV, 



the SS dilepton|)2| and 3£ signal rates are also substantial over a large range 



of m-g. The kink just below m g = 500 GeV marks where the previously 
mentioned %\ "spoiler modes" turn on. We see that while the trilepton signal 
drops by an order of magnitude, almost a hundred events are nevertheless 
expected annually at the LHC even if the gluino is as heavy as 1 TeV. This 
implies that a significant number of these events comes from other than 
decays, e.g. g — ► tt\ decays. The other cross sections are less sensitive to the 
"spoiler mode" . 

the signal from 4£ events is likely to be visible in only limited regions of 
parameter space, and 

there also exist regions of parameter space where signals from leptonically 
decaying high p T Z bosons plus jets plus I$ T may be observable. Within 
the MSSM, this region is sensitive to the value of /x; within the SUGRA 
framework, /j is no longer a free parameter. 
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Table 5: 5a discovery limits in m g (in TeV) via J$ T + jets events at LHC Atlas 
detector for various choices of squark and gluino mass ratios, and collider integrated 
luminosities. Variation of MSSM parameters can cause these limits to vary by 
~ 150 GeV. 

case lO 3 ^" 1 10 4 pb' 1 10 5 pb' 1 
nig = m-g L8 2i0 2^3 

nig = 2m g 1.0 1.3 1.6 



7.1.1 tf T + jets signature 

Previous studies on ]$ T + jets signal from gluinos and squarks by the GEM and 
SDC collaborations for the SSC concluded that m g ~ 0.3— 1-2 TeV should have 
been detectable [0. Recently, the Atlas|9l[ collaboration has performed detailed 
studies on the 1$ T + jets signal for the LHC. They found that gluinos as low as 
300 GeV should easily be seen above SM backgrounds. Then, requiring rather stiff 
cuts 



T 



> 600 GeV, p T (jeti,jet 2 ,jet 3 ) > 200 GeV, p T (jet 4 ) > 100 GeV, (15) 



and transverse sphericity St > 0.2, they found an upper reach for m g listed in 
Table 5, for various choices of integrated luminosity. We see that if squarks and 
gluinos have mass below ~ 1 TeV, and if the MSSM is a reasonable approximation 
of nature, then supersymmetry is unlikely to escape detection at the LHC. 



A similar analysis has been performed in Ref. |89 |, where similar reach values 
were obtained. In addition, the regions of the minimal SUGRA model explorable 
via multi-jets +I$ T signature were mapped out. Sample results for u. < 0, A = 
and tan/? = 2 are shown in Fig. [T7|a. Results differ only slightly for fi > 0, or 
tan/3 = 10. In Fig. 176, contours of m g and nig are shown for comparison. 



An interesting question to ask is: if a signal in the I$ T + jets channel is found 
at LHC, what information can be gleaned about sparticle properties? In general, 
many different subprocesses can be contributing to the SUSY signal, and the sub- 
sequent cascade decay channels can be numerous and complicated, especially for 
relatively heavy sparticles. Mapping out the size of the signal cross section, and 
the shapes of different jet distributions and If T distributions, and matching against 
Monte Carlo predictions, will significantly constrain the SUSY parameter space. 
Also, in first approximation, one expects gg events to have higher jet multiplicity 
than qq events. In practice, the cascade decays, along with substantial QCD ra- 
diation, distort this picture. Jet multiplicity distributions have been evaluated in 
Ref. R55|| ) where it was found that mixed qq + gg + gq subprocesses typically yield 
average jet multiplicities a half unit lower than pure gg production if nig ~ m g . 

Can one measure m g or nig in the If T + jets channel? A rough mass deter- 
mination can be made just based on the size of the total cross section, and the 
hardness of distributions such as PT{jet) and If T . Direct measurement of m g is 
difficult. Even in the idealistic case of constructing a two-jet mass from g — > qqxi, 
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Figure 17: Contour in the m vs. TO1/2 plane where the multi-jet +1$ T signal is 
observable above SM backgrounds. 
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Figure 18: Distribution in M est for various values of m- q at the CERN LHC. 



the mass distribution is a smear of values, with an end-point at rrig — m~o. Real- 
istic situations can only do worse. In Ref. fl92| , it was suggested to construct the 
mass value M est (in the context of SS dilepton events) by a series of cuts designed 
to hemispherically separate the decay products of each gluino. This method suf- 
fers from the fact that it is difficult to obtain a reasonably pure sample of gluino 
dilepton events. Nonetheless, in Ref-P^j this technique has been pursued in the 
Ij/rp + jets channel, using ISAJET to simultaneously generate all sparticles. The 
procedure here is to divide the transverse plane into hemispheres using the trans- 
verse sphericity eigenvector, and then calculate the invariant mass of all hard jets 
in each hemisphere. The larger of the two values is taken to be M est . 

In Fig. [Tj| we show histograms of M est for Ifi T + jets events with the following 
cuts: 

1. veto isolated leptons, 

2. St (transverse sphericity) > 0.2, 

3. p T (jet) > 100 GeV, 

4. n(jets) > 2, 

5. Iftrp > S, and px(jeti, jet 2 ) > S. 

Then, M est is calculated using only hard jets, with pt > S. Events are rejected if 
there is only one qualifying jet in each hemisphere. In the figure, we take SUGRA 
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parameters m = mi/2, A = 0, tan/5 = 2, and u, < 0. For these parameters, 
rrig ~ nig. The corresponding values of nig are listed in the figure, as are back- 
ground events from SM sources. We see that the distributions shown are able to 
distinguish nig to 15%. The resolution is somewhat worse if m = 4mi/ 2 , but 
M est distributions for gluino masses differing by 25% appear to be readily distin- 
guishable. There is a wide spread of mass values in each plot, due to cascade 
decay effects, wrong jet assignments, QCD radiation, etc.. However, the overall 
trend is clear: heavier sparticles should give harder distributions of M est values (or 
other measurable distributions), and so, may provide information on the underlying 
gluino and squark masses. 



7.2 X1X2 M signal 

Can the clean tri-lepton signal from pp — > X1X2 ~ * 3£ + rf T be seen at the LHC 
as well as at the Tevatron? At first glance, this is unclear^], since the signal 
cross section rises by typically a factor of ~ 10 in going from Tevatron to LHC, 
while background from ti production increases by a factor of ~ 160 (depending 
on nit). Furthermore, there are additional sources of trilepton events from other 
SUSY reactions at LHC energy. 



Detailed simulations of signal and background have been performed in Ref. [|93 
In this work, a series of cuts were found that would allow for a clean extraction 
of the xf X2 ~~ ► 3£ + Ifrp signal. The procedure is to first establish the signal by 
requiring 

• three isolated high px leptons. 

After this requirement, the total event sample is dominated by other SUSY sources 
of trilepton events, which mainly come from gluino and squark cascade decays. To 
get rid of these, one requires 

• no jets in the event, plus I$ T < 100 GeV, 

Then one is left with clean trilepton events, with large contamination from W Z — > 
3£ + Ifrp. After requiring a Z mass cut, 

• for OS, same-flavor lepton pairs, m(££) 7^ Mz ± 8 GeV, 

the WZ contamination is reduces to tiny levels, but a significant background from 
ti may remain. Requiring either of the following conditions, 

• two fastest leptons be SS and flavor of the slow lepton be the same (but anti-) 
the flavor of either of the two fast leptons, or 

• two fastest leptons are OS if pt(sIow lepton) > 20 GeV, 

leaves one with signals on the level of 10 — 40 fb, while SM background is below 
the fb level. Thus, at least for u < 0, the 3£ signal appears viable as long as 
the X2 spoiler modes are closed, i. e. nig ~ 550 — 650 GeV. For positive values of 
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/i, a significant hole still remains in the mo — mi/2 plane, even where the spoiler 



modes are not accessible |)4|]. The purity of the remaining event sample allows some 



detailed mass information to be extracted. For instance, in fxee events, the quantity 
m(ee) is kinematically restricted to be less than m~o — w~o; ^ nus a °^ ^ ne u PP er 
cutoff of this distribution can yield precise mass information on sparticles even in 
the difficult environment of an LHC detector. Other distributions can constrain 



different combinations of the chargino/neutralino masses |93] . 



7.3 Slepton search 

The search for sleptons at the LHC has also been addressed in the literature 



34]. Detailed simulations of signals and backgrounds for all slepton production 



mechanisms including cascade decays were performed in Ref. H84| . There, it was 



shown that the only viable channel for observing a slepton pair signal was in 

the 21 + Ijjrp channel, which usually comes from £r£r — > 2£ + ]$ T . By requiring 
events with two isolated leptons plus no jets, together with some additional angular 
cuts, a signal on the order of fb's could be seen for ~ 250 GeV, against tiny 
backgrounds from SM and other SUSY sources. Extraction of any sort of detailed 
mass information from the small sample of remaining signal events appeared to be 
difficult. 



8 Supersymmetry at future linear e + e Colliders 

A future linear e + e~ collider will obviously have a higher discovery reach than 
LEP II, due to its higher center-of-mass energies, ^/s = 0.5-1 TeV. Furthermore, 
experimentation at a linear collider would be richer compared to that at LEP-II, 
due to the following characteristics: (1) flexible center-of-mass energies, (2) high 
beam polarization of 90% and beyond. It probably is not well known that the 
center-of-mass energy can be flexibly varied, for instance between 200 to 500 GeV 
within a single collider design. Upgrade to a higher energy machine (say up to 
1 TeV) is possible either by making the accelerator longer or improving the accel- 
eration gradient of the klystrons. Therefore, under most of the common designs, 
one single accelerator will be able to cover a wide range of center-of-mass energies. 
One can tune the center-of-mass energy for many different purposes. For instance, 
one can optimize the sensitivity on the slepton mass measurement by choosing the 
center-of-mass energy such that (3 ~ 0.5 ||24j| ; or one can avoid the complication due 
to simultaneous production of several sparticles by choosing the center-of-mass en- 
ergy below one of the thresholds. The virtues of polarization are two-fold, (a) Use 
of polarization can suppress the background substantially even up to two orders of 
magnitudes. This allows us to obtain a very pure sample of signals appropriate for 
precision studies, (b) One basically doubles the number of experimental observ- 
ables using both polarization states. This enables the efficient measurements of 
various parameters, which is proven already in the Am measurement at the SLD 
experiment. 
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In early days, beamstrahlung processes (emission of high intensity 7-rays due 
the interactions between beams at the collision point), which can smear the center- 
of-mass energy and produce large leptonic and hadronic underlying backgrounds 
from photon collision, had been a source of concern. This effect is negligible at 
LEP-II or SLC because of smaller energy and much larger beam size at the collision 
point. However, with improvements in accelerator designs and as well as in our 
understanding of photon structure function, it has been shown that beamstrahlung 
effects are not harmful for most of the interesting physics studies. One can achieve 
[PS| (1) small beam energy spread even after including initial state radiation and 
beamstrahlung effects, and (2) a clean environment basically without underlying 
events even with photon induced hadronic processes. 



Thus, all the virtues of lower energy e + e~ colliders remain |97|, while the high 
center-of-mass energy and beam polarization will give us additional tools to study 
physics. The goals of the e + e~ linear collider experiment will be multiple: (1) 
discovery of sparticles, (2) measurement of SUSY parameters, (3) quantitative 
verification of supersymmetric invariance of the interactions. 

It is also worth recalling here that an e + e~ linear collider is also a Higgs dis- 
covery/study machine especially for supersymmetric models. As is well-known, 
the lightest neutral Higgs boson in MSSM is always lighter than ~ 130 GeV after 



including the radiative corrections due to the stop loop PBfl. Even in models with 



additional singlets or extra families |)9| , an upper bound ~ 160 GeV persists under 



the assumption of perturbativity up to the GUT-scale. Furthermore, a reasonable 
size of production cross section is guaranteed for the lightest (or, sometimes, the 
second lightest if the lightest one is dominantly singlet) neutral Higgs boson even 
with the mixing to singlet states | 100|| . If we could further find other Higgs states 



via processes as e + e — > h°Z°, H°Z°, h°A°, H°A°, or H + H , it is a definite sign 
that the Higgs sector is beyond that in the minimal Standard Model. One can 
cover up to m A ~ 200 GeV with a 500 GeV collider pj.Pl 



8.1 /-pair production 

As before, we assume that one of the sleptons is LVSP in this subsection. We also 
assume i?-parity is conserved, and LSP is the lightest neutralino. Then the only 
possible decay mode is / — > l\\ assuming lepton family number conservation. The 
cross sections are shown in Fig. pi]. 

Here we summarize the analysis of Ref. [103]. One possible set of selection 
criteria is the following:^ 

1. 9 acop > 65°. 

2. tf T > 25 GeV. 



13 Unfortunately, it is difficult to see the difference between the minimal Standard model and 
e J 

14c 



the MSSM if vtla is beyond the reach of the discovery at a given center-of-mass energy 1 102 
1 See the footnote [I| for the definition of the acoplanarity. 
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Figure 19: Total cross sections of Jjlr pair production at s/s = 500 GeV, for 
unpolarized P e = and polarized beams P e = ±1. The backgrounds from W-pair 
is also shown. 



3. The polar angle of one of the leptons should be larger than 46°, the other 
26°. 

4. \mu - m z \ > 10 GeV. 

5. Ei± < 150 GeV. 

The resulting signal and background cross sections, for y/s = 500 GeV, are listed 
in Table [f| Here a relatively pessimistic (hard) beamstrahlung spectrum of the 
"Palmer-G" type is assumed. Conservative detector parameters are chosen: the 
tracking detector covers down to 15° with a momentum resolution Apt/pt = 
1.5 x 10~ 3 pr(GeV) and an angular resolution of 1 mrad. The EM calorimetry 



covers down to 11.5°, with AE/E = 0.17/^£(GeV) + 0.03. 

Assuming a collider energy of y/s = 500 GeV, and an integrated luminosity of 
20 fb -1 (again conservative), a 5cr signal can be found up to 225 GeV, as long as 
the mass difference between the smuon and LSP is greater than 25 GeV. 

For e, the production cross section is in general larger because of the additional 
diagram with t-channel exchange of neutralinos. The eu e W and eeZ final states 
are backgrounds to e-pair which are absent for /i-pair. However with an additional 
cut E e > 15 GeV, the backgrounds are reduced down to 2.0 fb (eeZ) and 1.7 fb 
(ev e W). The discovery reach turns out to be even better than the fl case depending 
on the mass spectrum in the neutralino sector. 

Even though the unpolarized beam is efficient enough for the discovery of slep- 
tons, the background can be further suppressed to a negligible level using the 
polarized beam. This is useful for the precise measurements of the masses and 
cross sections. Since the right-handed electron does not couple to W, the diagram 
with t-channel neutrino exchange is absent, and hence the background from WW 



is greatly reduced. Then a slightly weaker set of cuts is sufficient EM: 
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Table 6: Cross sections and efficiencies for /i-pair signals and standard model back- 
grounds | |103| | with an unpolarized beam. Relatively pessimistic bremsstrahlung 
spectrum is assumed. The LSP mass is m^o = 100 GeV. 




Figure 20: Acoplanarity distribution of lepton pair for y/s = 350 GeV, mj = 
142 GeV, / Cdt = 20 fb _1 . Fig. b) shows the dramatic reduction of the backgrounds 
using the right-handed electron beam. 
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Figure 21: (a) Energy distribution of the final muon from /i^-pair production, 
including standard model backgrounds, (b) Two-parameter fit to the energy dis- 
tribution on (777^,777^0) plane. 

1. 5 GeV < < (Vs - 100 GeV)/2. 

2. 20 GeV < E vis < - 100 GeV. 

3. |777 W — 777^1 > 10 GeV. 

4. |cos0/±| < 0.9. 

5. — Qi cos 9i < 0.75 where Qi is the charge of the lepton and the polar angle is 
measured from the electron beam direction. 



6- dacop > 30°. 



For a sample parameter m^ R = 142 GeV, m^o = 118 GeV, y/s = 350 GeV, and 

/ dtC = 20 fb" 1 , P e = 95%, one could obtain an event sample with signal purity 
at 99% and efficiency of 54.2% (Fig. Given this pure signal samples, one can 
fit the energy distribution of the final leptons to measure masses of fx and Xi- The 



resolutions of mass determinations are better than 1% (Fig. p21|) . 

It is worth noting that one can put an upper bound on the mass of charginos 
once one knows the mass of the LSP, assuming the GUT-relation for gauino masses 
21 . Therefore, precision measurement on the masses will give us a useful clue 
to the next target center-of-mass energy. Comparing the cross sections from both 
right-handed and left-handed beams, one can test that the gauge quantum numbers 
of the observed l~lr is indeed the same as lir, which is a quantitative support that 
it is a superpartner of lir. Also, the angular distribution could tell us that the 
newly discovered particle is a scalar particle. 

Another interesting study can be done once f-pairs are found [|104j| . Let us 



suppose for the moment that r decays mainly into rxi to simplify discussions. 
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Figure 22: Contour of the total cross sections in pb of Xi P arr production from the 
left-handed electron beam at yfs = 500 GeV, for = 1 TeV. The kinematic limit 
is shown in dashed line, while the discovery reach at 20 fb _1 is shown in dotted 
line. They almost overlap with the contour of 0.1 fb. 



The cross sections tell us whether the observed f is either left- or right-handed (or 
their certain mixture). Also, the polarization of the final state tau leptons can, in 
principle, be measured with traditional methods: the easiest is the measurement 
of the energy distribution of the ir from r — > 7iu T . We might also use r — > pv T 
and a\v T modes. Therefore, we can see whether the chirality of the final r matches 
with the type (L or R) of the parent stau that was produced. If it does, the 
neutralino is dominantly gaugino-like; otherwise, it is higgsino-like. Indeed, the 
energy distribution of the 7r from r — > 7iu T is sensitive to the higgsino content of 
the xi P4 . 



8.2 



pair production 



Under the assumption that xt 1S the LVSP, it decays into xt ~^ Xiff where /, /' 
are light fermions in the standard model. The decay proceeds via (real or virtual) 
PF-exchange, slepton- and squark-exchange. When PF-exchange dominates, decays 
to various final states occur democratically, resulting in a branching fraction of 70% 
for hadronic modes and 10% for each of the leptonic modes. This is typical when 
the mass difference Am = m -± — m^o is larger than mw where the decay into real 
W dominates. When the mass difference is smaller, the chargino decays directly 
into the three-body state. Branching ratios can vary as a function of slepton 
and squark masses just as the case at LEP-II. Both purely hadronic and mixed 
hadronic-leptonic mode of chargino pair can be used for the search. 

The cross sections of the chargino pair are shown in Figs. 2^,23,24. For the 
gaugino-dominant chargino, the cross section from the right-handed beam is very 
small. The i-channel z> e -exchange amplitude is destructive with the s-channel 
7, Z-exchange amplitude, so that the cross section is reduced for lighter v e . The 
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Figure 23: Contour of the total cross sections in pb of xt pair production from the 
left-handed electron beam at yt~s = 500 GeV, for = 250 GeV. The kinematic 
limit is shown in dashed line, while the discovery reach at 20 fb" 1 is shown in 
dotted line. 
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Figure 24: Contour of the total cross sections in pb of xt pair production from 
the right-handed electron beam at y/s = 500 GeV. The kinematic limit is shown 
in dashed line. 
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higgsino-dominant chargino has reasonably large cross sections both from left- and 
right-handed beams. 

The discovery is usually more efficient in purely hadronic mode because of the 
higher branching ratios. The IV-pair background with one W decaying into quarks 
and the other into r is much less severe at linear collider energies than at LEP-II 
because two Ws are well separated in the phase space. One possible set of selection 



criteria for the purely hadronic mode at \fs = 500 GeV is the following ||105 

1. number of tracks > 5. 

2. The polar angle of the sphericity axis > 45°. 

3. i> T > 35 GeV. 

4. 9 acop > 30°. 

5. No one single charged particle which carries more than 70% of the total 
energy in the hemisphere. 

6. 120 GeV < m vis < 220 GeV. 

7. transverse missing mass > 200 GeV. 

This set has an advantage that one can look for purely hadronic mode of chargino 
pair production when we do not know whether the decay is into a real W or 
three-body state. A conservative assumption is made on the detector capabilities: 
tracking resolution of Ap T /p T = 1.5 x 10~ 3 p T /GeV, ECAL (HCAL) resolutions of 

0.17/^ + 0.03 (0.80/Vl?) with E in GeV, and coverage of detectors to 18° (10°) 
for tracking detector (calorimeters). 

A sample parameter M 2 = 200 GeV, ji = —325 GeV, tan /3 = 4, gives a signal 
cross section after cuts 63 fb (efficiency is 13%) while the background level is 7.5 fb. 
Assuming the integrated luminosity of J dtC = 20 fb" 1 , 5cr signal can be obtained 
up to m-± ~ 248 GeV, very close to the kinematic limit. The mixed hadronic- 

leptonic mode typically gives an efficiency of 2% and S/N ~ 1, and not useful for 
discovery purpose. 

Figs. show the discovery reach of the chargino pair at yfs = 500 GeV 

and / dtC = 20 fb -1 . The only region which is difficult to cover is the very pure 
higgsino region M 2 ^> fi, where the mass of the chargino and LSP become nearly 
degenerate. In this region the decay Xi ~ ¥ Xiff' has a small Q-value, and hence 
visible energy is small. There is no quantitative study so far on the discovery reach 
for small mass difference. It was estimated that, with an unpolarized beam, the 
charginos may evade discovery if the mass difference is smaller than Am < 20 GeV 

15 However, one can use right-handed beam to reduce the background substantially while the 
signal cross section decreases only by a factor of three. Probably one can do a much better 
job. More study is necessary on this point. The higgsino LSP does not occur in the minimal 
supergravity, but may occur in extended scenarios |28[. 
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Once one has found charginos, and seen whether the decay is into the real W or 
three-body state, one can find much more efficient cuts to reduce the background for 
a precision study. When the decay is into the real W and the LSP, then acoplanar 
W-pair with large missing energy is the signal. One can identify W's from di-jet 
invariant masses and requirement of large missing energy and acoplanarity reduces 
most of the backgrounds. Since the decay is two-body, the end points in the 
energy distribution of W (sum of two jet energies which form an invariant mass 
close to mw) tell us the mass of both the chargino and the LSP. Therefore, this 
case is relatively easy.0 When the decay is directly into the three-body state, the 
measurement is more complicated. We will discuss this case in detail below. 

We now turn to the measurement of the chargino and LSP masses from the di- 
jet energy distribution. We assume three-body decay, and we do not want to use 
pure hadronic mode in order to avoid combination ambiguities of jets as the decay 
product of one chargino. We employ the mixed hadronic-leptonic mode below. For 
charginos with mixed hadronic-leptonic mode without real W, a possible set of 
selection criteria is: 

1. number of tracks > 5, incl. isolated e or /j (Ei > 5 GeV, energy deposited 
within half-angle 30° cone less than 1 GeV). 

2. 20 GeV < E ms < ^Ts - 100 GeV. 

3. two jets with y cut > 5 x 10~ 3 , < m w - 12 GeV, Ejj < (y/s- 100 GeV)/ 2. 

4. | cos % | < 0.9, | cos ^ | < 0.9, -Q z cos0 ; < 0.75, Qjcos0# < 0.75. 

5. \mi u — mw\ > 10 GeV for W-pair hypothesis. 

6. Oacop > 30° where acoplanarity angle is defined between the summed momen- 
tum of two jets and lepton momentum. 

As an example, consider a sample parameter set M 2 = 400 GeV, /x = 250 GeV, 
tan/5 = 2, in the limit of heavy scalar masses. The chargino and LSP masses are 
219 GeV and 169 GeV, respectively, and the final signal cross section is 234 fb 
(efficiency 10%) with the background from IV-pair 37 fb and evW 6.6 fb. The 
efficiency and S/N ratio are at the comparable level we had for the purely hadronic 
mode above. The fit to the di-jet energy spectrum yields the mass determination 
at the 1% level (Fig. H) Q 

16 An exception is when the chargino is gaugino-like and v e is light so that the cross section is 
low. Then one needs relatively high luminosity of J dtC ~ 50 fb^ 1 to achieve the 10% resolution 
in chargino and LSP masses. Fortunately, there are light sleptons in this case, so that one can 
measure LSP mass also from slepton study. Using constraint on the LSP mass, the resolution on 
the chargino mass can be still as good as 5%. 

17 The resolution of the jet energy measurements is crucial here. We tried to link tracks of the 
charged particles detected in the central drift chamber to energy clusters detected in the electro- 
magnetic calorimeter or hadron calorimeter, and, when linked, we used the tracking information, 
since it has better resolution in general. To be realistic in this linking process, we generated 
calorimeter hits with a finite shower size and simulated the cluster overlapping |73, UM . 



51 




Figure 25: (a) Di-jet energy distribution from chargino pair production, (b) contour 
on the masses of chargino and LSP from a fit of the di-jet energy distribution. 



8.3 Systematic Discoveries and Tests on GUT or Super- 
gravity Models 

A nice feature of the study of sparticles at an e + e~ collider and measurement of 
masses is that one can place an upper bound on the next sparticle based on modest 
theoretical assumptions. Furthermore, having several sparticles at hand allows us 
to test various predictions of the GUT or SUGRA models at the several percent 
level. 

Suppose the right-handed sleptons are the LVSPs. Knowing the masses of flu 
and en, one can test the universality of the scalar masses better than 1%, which 
is an assumption of minimal supergravity framework. The mass of the LSP is also 
measured better than 1%. If one assumes the GUT-relation for gaugino masses, 
one can put an upper bound on the mass of the chargino m^± ~ 2m^o (Fig. ^) 
and similarly for the second neutralino. Therefore, we obtain an idea on the next 
target center-of-mass energy. If we will not discover chargino below that mass, at 
least a GUT with minimal particle content will be excluded. 

If a chargino is the LVSP, we measure cross sections both from left-handed 
and right-handed beams, and the masses of the chargino and LSP. Using m-±, 
m^,o and the cross section from the right-handed beam, one can perform a three- 
dimensional fit on (M 2 ,/x, tan/3) space. Here, the GUT-relation of the gaugino 
masses is assumed. Then, we can predict the masses of other charginos and 
neutralinos. The obvious limitation of this fit is we effectively lose information 
on jj, (M2) when the chargino is gaugino-rich (higgsino-rich) . However in the 
higgsino-rich case, we expect another neutralino nearby which should be discov- 
ered not too far above the chargino threshold. In the gaugino-rich case, one 
can extract the mass of the v e exchanged in the t-channel from the cross sec- 
tion from the left-handed beam. Since the mass of v e is related to the mass of ei 
by m\ L = m| e — m| cos 2 6w cos 2/3 < m? e + 0.77m|, one can place an upper bound 
on the mass of e^. Therefore, in both cases one obtains some information on the 
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Figure 26: Upper bound on the chargino xt an d second neutralino X2 masses 
as a function of LSP mass Tn^o, assuming the GUT-relation for gaugino masses 
M 2 ~2.0xMi. 
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next sparticle mass. 

If several sparticles are found, stringent tests on theoretical assumptions can 
be made. One sample case is the following 24]. Take the SUGRA parameters 
m = 70 GeV, M 2 = 250 GeV, \i = 400 GeV and tan/3 = 2, which is in a 
cosmologically interesting region. The low-lying sparticle spectrum is: 



(16) 



Then the right-handed sleptons are found first, and one can infer an upper bound 
on the chargino mass as discussed above. Once the chargino is found, one can use 
the following four physical observables to constrain the chargino and neutralino 
sectors: 

The mass of LSP. 
The mass of chargino. 

The slepton production cross section from the right-handed beam. 
The chargino production cross section from the right-handed beam. 

Since there are four observables, a global fit on the four-dimensional space (Mi,M 2 ,/i,tan 0) 
is possible without assuming the GUT-relation M l /M 2 = (5/3) tan 2 6 W . Then the 
result gives us an experimental test on the GUT-relation. For the above parameter 
set, the test is possible at 3% level, as seen in Fig. |2?|. Once the chargino and 
neutralino parameters are known, the chargino production cross section from the 
left-handed beam tells us the mass of v e (Fig. ^S]). Also the comparison between Ir 
and II masses allows us to extract the difference of their masses at the GUT-scale. 
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Figure 27: Test of the GUT-relation of the gaugino masses. The contours are 
obtained by a four-dimensional fit on (Mi, M 2 , //, tan/3). 
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Figure 28: Extracting the mass of v e from the chargino production cross section, 
after measuring (Mi, M 2 , tan/3) from the global fit in the previous figure. 
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Figure 29: Contours of a) constant masses of the lightest stop (in GeV), 
and b) constant cross sections of e + e~ — ► t±ti (in fb) as a function of uIq and 
A t for tan (3 = 2 and [i = —300 GeV in the Minimal Supersymmetric Standard 
Model (MSSM). Masses of squark doublet and right-handed stop are assumed to 
be the same. In a), the kinematic production limits of e + e~ — > t±ti are given 
for LEP1, LEP2 (with y/s = 190 GeV), and the future e + e~ linear collider (with 
\fs = 500 GeV). In b), the contours are given for 25 and 50 fb, which correspond 
approximately to the expected experimental sensitivity at y/s = 500 GeV and 
fCdt = 10 fb -1 . 



8.4 Other sparticles and higher order processes 

The third generation squarks £, b deserve a special attention, since they are proba- 
bly the lightest among the squarks and hence the most likely candidate for the first 
signal of squarks at an e + e~ collider. Also they have a mixing between left right 
states which is unique to the third generation squarks. They offer possibilities of 
measuring A-parameters, if \i and tan j3 are measured from neutrino, chargino or 
Higgs sectors. The dependence of masses and cross sections on A-parameters and 



rriQ are shown in Figs 29j3(J for stop and sbottom production. For instance, know- 
ing the masses of £i, £2 from the processes ii-pair and £i£2 associated production, 
and their cross sections overdetermine the stop 2x2 mass matrix. 

The search for and study of first- and second-generation squarks was discussed 
in |106| , assuming degenerate masses for left-handed and right-handed squarks 
separately. It was shown that squark mass measurement at a few GeV level is 
possible even in the presence of cascade decays using the kinematic fits. Here 
again the beam polarization plays a crucial role to disentangle left- and right- 
handed squarks. 

Higher order signal processes (three-body final states) have not been studied in 
enough detail for future linear e + e~ colliders. One can look for final states like eexi, 
i>z>*7, xt to extend the discovery reach beyond that using the pair production 
processes. The main backgrounds are processes with £-channel exchange of the 
gauge bosons such as ecj, ev e W, evWZ and eeWW final states with or without 
additional high photons which become increasingly important at higher energies. 
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Figure 30: Contours of a) constant masses of the lightest sbottom (in GeV), and 
b) constant cross sections of e + e~ — > b\bi (in fb) as a function of itlq and Af, for 
tan/? = 30 and [i = —300 GeV in the Minimal Supersymmetric Standard Model 
(MSSM). Masses of squark doublet and right-handed sbottom are assumed to be 
the same. In a), the kinematic production limits of e + e~ — > b\b\ are given for 
LEP1, LEP2 (with y/s = 190 GeV), and the future e+e" linear collider (with 
y/s = 500 GeV). In b), the contours are given for 10 and 20 fb, which correspond 
approximately to the expected experimental sensitivity at y/s = 500 GeV and 
J Colt = 10 fb -1 . 



More work is necessary here. (See, however, [ 107 |) 



8.5 Quantitative verification of supersymmetry 

In this subsection we discuss how one can test whether the new particles are indeed 
sparticles whose interactions are restricted by the supersymmetric Lagrangian. The 
measurements of parameters discussed above are based on the assumption that the 
newly discovered particles are sparticles, and we used supersymmetric Lagrangian 
to analyze the experimental data. Here we relax this assumption and try to test 
the supersymmetric invariance of the Lagrangian experimentally. 

We assume that the chargino xt is the LVSP. Suppose the chargino is gaugino- 
rich, i.e., almost a pure wino W. Then, assuming SUSY, its coupling g x to the 
electron and scalar neutrino is fixed to be the same as the SU(2)l gauge coupling 
g even if SUSY is spontaneously broken. We study whether this equality can be 
experimentally tested. 

First of all, the chargino production cross section from the right-handed electron 
beam should nearly vanish in this limit. Therefore, we first learn, directly from 
experiment, that the hypercharge of the new particle is zero. Below we assume 
that it belongs to SU(2) L triplet as W does. Then the s-channel amplitudes of 7- 
and Z-exchange are fixed completely by the gauge invariance. For the production 
of charginos from the left-handed electron beam, there is another diagram where 
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v e is exchanged in the t-channel, with a factor 

,2 



— (17) 

in the amplitude. If m/> e is not too large, one can extract both g x and mo e from 
the angular distribution of the charginos. 

A sample case was studied in Ref. [|108j| , with the following parameter set 

(//,Af 2 , tan /3, Mi/M 2 , m 0e ) = (-500,170,4,0.5,400). (18) 
In this case the MSSM gives 

m~± = 172 GeV, 
rriyO = 86 GeV, 
<tr = 0.15 fb, 
o L = 612 fb, 
(0+,0„) = (1.2°, 12.8°). 

Here <xr, <Jl are the production cross sections from right-handed and left-handed 
electron beams, respectively. The angles (0 + ,0_) are the mixing angle for left- 
and right-handed charginos. Since the chargino xt decays into real W and LSP 
in this case, the branching ratios are known. Therefore the total cross section 
can be determined independently from the other SUSY parameters. The angular 
distribution of the chargino cannot be determined directly due to its decay. For 
the mixed hadronic-leptonic mode, one can use the forward-backward asymmetry 
of the W instead, where the charge of the W is determined by the lepton from 
the other chargino. The cuts are the same as the one used above for the chargino- 
pair decaying into the real W. Because of the asymmetric cut in the forward and 
backward region, the asymmetry is defined by 

had = a L (0 < cosO < 0.707) - a L (-l < cosfl < 0) 

a L (-l< cos 9 < 0.707) ' 1 ' 

where the polar angle 9 is that of the reconstructed W. This observable is strongly 
correlated with the corresponding asymmetry of the chargino polar angle A x . With 
an integrated luminosity of 100 fb -1 with the left-handed electron beam, one can 
measure the asymmetry as 

A x = 0.20 ±0.049, (20) 

and the cross section as 

— = 5.6%. (21) 
a 

Given four experimental observables, the mass of the chargino m~±, the LSP mass 
m^o, the total cross section and the asymmetry, one can determine the region on 



the space (mo e , g x / g) which reproduce the data, as shown in Fig. |31]. Since the 



measurements determine the parameters to lie in one of the two shaded regions of 
Fig. [H], we see that the equality of g x and g, and hence SUSY, may be tested to 
within 25%. For further details, and a test for SUSY when the chargino is a mixed 



gaugino-Higgsino state, we refer the reader to Ref. 1 108 
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Figure 31: Allowed region (shaded) of the (m^,g x ) plane for the integrated lumi- 
nosity 100 fb _1 . Solid (dashed) curves are contours of constant (A x ) that bound 
the allowed regions. On the dotted lines, the SUSY relation g x = g is satisfied. 
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77, ej, e e options 



The e + e~ linear colliders have also options to operate as 77, e7 or e~e~ colliders. 
The discussion of each mode in this subsection is rather qualitative because full 
studies with realistic detectors have not been done. It is only meant to survey the 
advantages and disadvantages of each option. 

There is a claim that 77 or e7 colliders can achieve higher luminosity than e + e~ 
colliders because of the absence of beam-beam interaction, i.e., beamstrahlung 
109| |. Another advantage of 77 mode is that the scalar pair production occurs in 



S-wave, such that the threshold behavior of the cross section is oc (3 rather than f3 3 
at an e + e~ collider. Also the production cross section is democratic, i.e., it only 
depends on the electric charge of the sparticles. Disadvantages of 77 option is that 
the VF-pair cross section is high ~ 100 pb and stays constant above the threshold, 
and that the center-of-mass energy of 77 collision has a spread of > O(10)%. The 
highest center-of-mass energy is 80% of the corresponding e + e~ collider. 

The search for sleptons has been discussed for 77 option, and is well possible 
even in the presence of large W^-pair background [ |11U[ |. For a case mj — m^o > 
50 GeV, one can even almost completely eliminate the VT-pair background by 
requiring Pt(^ ± ) > 50 GeV and 9 acop > 90°, maintaining a reasonable efficiency 
~ 10% for the signal. The measurement of the slepton mass is worse than e + e~ 
case due to the energy spread of the backscattered 7-beam, but still possible at 5% 
level | |1 1 1[ | . The discovery reach is more or less the same as the e + e~ option, since 
it gains by S'-wave production, but loses by the lower center of mass energy. 

Chargino search at 77 colliders is more difficult than at e + e~ colliders. For 
instance, when charginos decay into real W + Xi, acoplanar VT-pair with large fa 
is the signature. However, given large W^-pair cross section, there is still a long tail 
in missing distribution from WW'j production where 7 escapes into the beam 
More thorough study is necessary. 
An interesting advantage of e^ option is that it has higher reach than e + e~, 



pipe 
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77 modes on the search for a scalar electron.^ One can produce ej — ► ex?, and 
the kinematic reach is limited by mg + m^o rather than 2m e - ||113|| . The signature 



is a single lepton with a large angle and missing p?. The most severe background 
is e~7 — > V(W~ , which can be suppressed by employing a right-handed electron 
beam. The kinematic suppression is only /3, and a search is possible roughly up 
to the kinematic limit. Other sparticles are not easy to produce in this option, 
mainly only via effective 77 collision from t-channel 7-exchange, and hence the 
cross section is down by another factor of a. 

At an e~e~ collider, one can produce R , R by t-channel neutralino exchange 
114|| ■ An advantage is the absence of P^-pair background, and one can accumulate 



a very pure sample of selectron signals both with right- and left-handed beams. To 
avoid VT-pair backgrounds at an e + e~ collider, the use the right-handed electron 
beams was preferred for the precision studies. For the studies of the neutralino 
sector using selectron production, this choice of the right-handed electron beam 
drops the information on the wino component in the neutralino sector. At e~e~ 
colliders, one can study e^e^ production with both the electron beams left-handed, 
and extract information on the wino component in the neutralino sector. Therefore 
this option could be used to study sleptons and neutralino sector further once 
discovered at the e + e~ option ||115| . 



9 Overview and complementarity of facilities 

Here, we summarize our results for the SUSY reach of various hadron collider op- 
tions (the reach of e + e~ colliders is essentially the beam energy for most sparticles). 
Finally, we emphasize the complementarity of the hadron and e + e~ collider options 
for a complete study of supersymmetry. 



9.1 Comparison of Hadron Collider options 

Our main results for the SUSY reach of various hadron collider options are sum- 
marized in Table 7. These have generally been obtained within the minimal super- 
gravity framework, or using MSSM parameter values motivated by supergravity. 

For the If T signal at the Tevatron and its upgrade options, we present two 
sets of numbers corresponding to the analysis of two different groups. The higher 



number is obtained from the study by Kamon et. al. [76[] , where it is assumed that 
the signal is observable using a "5<r" criterion; i.e. if the number of signal events 
(Ng) exceeds h^/Ns-, Nb being the number of background events. To extend the 
reach to large values of squark and gluino mass, these authors use a relatively 
hard cut Ift T > 150 GeV. They argue that the background dominantly comes 
from Z — > vv + jet events and (conservatively) take the total background to be 5 
times the Z background. Their analysis includes a detailed simulation of the CDF 
detector. The second number for the Tevatron I$ T reach in Table 7 is obtained 

18 However, the luminosity in this mode may be limited to avoid the beam-induced e + e~ pair 
background. 
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Table 7: Estimates of the discovery reach of various options of future hadron 
colliders. The signals have mainly been computed for negative values of /i. We 
expect that the reach in especially the all — > 3£ channel will be sensitive to the 
sign of \x. 
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in Ref. [|52] using IS A JET to simultaneously generate all sparticles, but with 
softer jet and 1$ T (1$ T > 75 GeV) requirements. These authors have estimated 
backgrounds from W, Z and ti production but have used a toy calorimeter for 
detector simulation. 

A major difference from Ref. []79] is the criteria used to obtain the reach. Since 
there are systematic uncertainties, both theoretical (e.g. from higher order QCD 
corrections) as well as numerical (from simplifications in the simulations), in the 
computation of the backgrounds, Ref. considers a signal to be observable if 
the signal satisfies a(signal) > 0.25a (back ground) in addition to the 5cr criterion 
introduced above. Because we are considering very large integrated luminosities, 
this difference is important for signals with large SM backgrounds: for instance, a 
signal cross section of 200 fb (which yields 5K events with an integrated luminosity 
of 25 fb' 1 ), which would be observable over a background of 40 pb with just the 
5a criterion, but not with the additional (and somewhat arbitrary) requirement, 
jj 2 - > 0.25. We should also mention that no attempt has been made to optimize 



the cuts in Ref. [52], and that it may be possible to further enhance the reach by 



using harder cuts as in Ref. [76 



For the reach in the SS dilepton and all — > 3£ channels, we have shown the 
numbers from the SUGRA analysis (with fi < 0) of Ref. |52|, |83|]. For the high 
luminosity upgrades of the Tevatron, the reach in the trilepton channel is domi- 
nantly governed by the relatively clean event sample from X1X2 production since 
the production of squarks and gluinos is kinematically suppressed. For positive 
values of \i the reach will be governed by tf T and SS dilepton events from gluino 
production and will, presumably, be somewhat smaller. 

The following comments about Table 7 are worth noting: 

• Given 10pb _1 of integrated luminosity (Tevatron run IA), the highest reach 
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in nig is attained via the multi-jet+^ T channel. The rate limited SS and 
multilepton signals, which will have a significant reach by the end of Tevatron 
run IB, yield the maximum reach at the Main Injector and TeV* upgrades of 
the Tevatron. Within the assumed framework, the reach in the clean trilepton 
channel from X1X2 production is comparable to that of multileptons if \x < 0. 
For positive values of \i the branching fraction for the leptonic decay of X21 
and consequently, the trilepton signal may be strongly suppressed. 

For the proposed DiTevatron pp collider, the reach in rrig via the multi- 
jet+^ T channel may be superior to the reach via multi-lepton channels. We 
quote DiTevatron reach values for only one value of integrated luminosity. If 
substantially higher luminosities can be achieved, then the reach in many of 
the channels can be significantly increased. 

At the TeV* and at the DiTevatron, the hadronically quiet trilepton events 
may be observable all the way up to the spoiler, but only for some ranges 
of parameters - - in particular, this is sensitive to the sign of \i because 
the leptonic branching fractions of \\ are considerably larger for fi < as 
compared to \i > 0. The SS dilepton signal from gluinos and squarks is also 
somewhat suppressed for positive values of u because m~± — m~o tends to 
be smaller than in the /1 < case, reducing the efficiency for passing the 
experimental cuts. 



The analysis of the LHC working group |9T| has shown that the LHC can 
detect gluinos and squarks well beyond 1 TeV in the I$ T channel, and up to 
~ 2 TeV if rriq = m~ g . The SS and trilepton channels also have a reach of 
about 1 TeV, so that such events,which should be detected simultaneously 
with ffjrp events should provide spectacular evidence for gluino and squark 
production. 

At the LHC, the reach of the clean trilepton signal from X1X2 production 
extends up to where the spoiler decay modes of x\ become accessible for 
negative values of \x. If fi > 0, the signals are readily observable for rather 
small and very large values of the SUGRA parameter mo; there are, however, 
significant regions (mo = 400—100 GeV) where this signal may be suppressed. 
It is also worth emphasizing that because it is possible to obtain a very clean 
sample of X1X2 events, it should be possible to reliably reconstruct m~o — m^ 
(and, perhaps, also some other combinations of masses)^] at the LHC. This 



may also be possible at the TeV*, but will require the machine and detectors 
to perform at their limits. 

The Tevatron and its Main Injector upgrade should be able to search for t\ up 
to, or just beyond about 100 GeV, regardless of whether these decay via the 
tree- level chargino mode or via the loop decay t\ — > U20fl • Signals for yet 
heavier stops (mj > 150 GeV) which could have other kinematically allowed 
decays are under investigation. It has also been pointed out, assuming that 
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ti — > cxi is the dominant decay mode of tj., that it should be possible |116|| to 



search for it at the LHC via two photon decays of its scalar bound state in 
much the same way that Higgs bosons are searched for. With an integrated 
luminosity of 100 fb~ l , the reach in this channel has been estimated to be 



m h ~ 250 GeV. 



Finally, it appears that even the TeV* will not probe sleptons significantly 
beyond the reach of LEP. The corresponding reach for the LHC is about 
250 GeV ||84j| . The analysis for slepton signals at the DiTevatron has not 
been performed, but expectations are pessimistic. 



9.2 Complementarity between e + e and hadron colliders 

At the LHC, supersymmetric events will, in general, manifest themselves via com- 
plicated cascades of heavy sparticles, resulting in relatively spectacular ~Ef, T and 
multilepton signatures for SUSY. A number of complementary signals ought to 
be detectable. While the observation of such events will unequivocally signal the 
existence of New Physics, it will probably be difficult to unravel the complicated 
cascades in the rather messy environment of the hadron collider. Especially, it will 
not be easy (except in some cases such as Xi X2 trilepton signal) to sort out the 
sources of various signals or do sparticle spectroscopy. In contrast, at a 500 GeV 
e + e~ collider, where only relatively light sparticles will be kinematically accessible, 
the decay cascades will likely be less complicated or even absent. Note, however, 
that if gaugino masses have a common origin as in a GUT, a reach of about 250 GeV 
in the chargino mass is equivalent to a reach of ~ 700 — 800 GeV in m§. We have 
also seen that these machines offer the prospects of precision measurements of 
masses, spins and, in some cases, also couplings of sparticles. Such measurements, 
which are generally difficult at hadron colliders, not only serve as the most direct 
tests of supersymmetry, but may also yield information about physics at very high 
energy scales. 

It is also interesting to ask how the information about, say, chargino couplings 
and masses learned from e + e~ experiments can be used to sort out the cascade 
decays seen at the LHC. If the turn-on of the future e + e~ linear collider occurs sig- 
nificantly after the LHC becomes operational, it will be important to appropriately 
archive the raw data from LHC experiments for subsequent reanalysis in light of 
new knowledge from the future e + e~ linear collider . This interplay between e + e~ 
and pp collider analyses highlights yet another sense in which these two facilities 
are complementary. 



10 Conclusions 

We have seen that if low energy supersymmetry is the physics that stabilizes the 
electroweak scale, the supersymmetric partners of ordinary particles will, in many 
cases, almost certainly be detectable at the LHC or the future e + e~ linear colliders, 
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but only if we are lucky, at the Tevatron or at LEP II. Although this is not the 
subject of this report, it is worth stressing that supercolliders are also capable of 
searching for a variety of other New Physics that Nature may have chosen to adopt. 
While the Tevatron upgrades that we have considered probe substantial ranges of 
SUSY parameters, they do not yield observable signals over what is generally 
accepted as the complete range of these parameters. Supercolliders appear to 
be essential both for a complete exploration of the parameter space as well as 
for the elucidation of any New Physics that might be discovered. Finally, we 
cannot overstress the complementary nature of e + e" and hadron supercollider if 
supersymmetry is indeed present at the weak scale. Experiments at these facilities 
will together not only lead to unambiguous discovery of sparticles, but will allow 
a comprehensive study of their properties, which in turn, may yield information 
about physics at ultra-high energy scales. 
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